Self-assembly effects of filamentous actin bundles by Schnauß, Jörg
Self-assembly effects of filamentous
actin bundles
Von der Fakulta¨t fu¨r Physik und Geowissenschaften
der Universita¨t Leipzig
genehmigte
D I S S E R T A T I O N
zur Erlangung des akademischen Grades
Doctor rerum naturalium
Dr. rer. nat.
vorgelegt von
Dipl.-Phys. Jo¨rg Schnauß
geboren am 23.02.1985 in Eisenach
Gutachter: Prof. Dr. Josef A. Ka¨s
Prof. Dr. Matthias Weiss
verliehen am 14. September 2015

for my family

Bibliographische Beschreibung
Schnauß, Jo¨rg
Self-assembly effects of filamentous actin bundles
152 Seiten, 145 Literaturangaben, 53 Abbildungen
Referat
Das Zytoskelett einer eukaryotischen Zelle besteht aus drei Hauptbestandteilen: Aktin,
Intermedia¨rfilamenten und Mikrotubuli. Die vorliegende Arbeit bescha¨ftigt sich mit dem
Protein Aktin, welches unter physiologischen Bedingungen dynamische Filamente durch
Polymerisation ausbildet. Diese Filamente ko¨nnen sowohl in Netzwerken als auch Bu¨ndeln
angeordnet werden. Diese Anordnungen bilden die Grundlage fu¨r eine Vielfalt von Struk-
turen zur Realisierung diverser zellula¨rer Funktionen. Konventionell wurde die Auspra¨gung
solcher Strukturen durch zusa¨tzliche Proteine erkla¨rt, welche Aktin beispielsweise vernet-
zen oder sogar aktive, dissipative Prozesse durch ATP Hydrolyse ermo¨glichen. Durch diese
Erkla¨rungen pra¨gte sich ein sehr komplexes Bild zellula¨rer Funktionen heraus. Die dissi-
pative Natur der meisten Prozesse fu¨hrte dazu, dass meist auf grundlegende physikalische
Beschreibungen, welche auf nicht-dissipativen Gleichgewichtszusta¨nden beruhen, verzich-
tet wurde. Diese Arbeit widmet sich solchen nicht-dissipativen Prozessen und beschreibt
deren inha¨rente Bedeutung auch in aktiven, dissipativen Systemen.
Ein erstes Beispiel beschreibt die Generierung von kontraktilen Kra¨ften in Aktinbu¨ndeln
durch eine hohe makromolekulare Dichte der Umgebung. Diese hohe Dichte fu¨hrt zu einem
entropischen Effekt, welcher durch Volumenausschluss hochkonzentrierter inerter Poly-
mere Aktinfilamente in Bu¨ndel ordnet. Werden diese Strukturen aus ihrem energetischen
Minimum ausgelenkt, so entsteht eine ru¨cktreibende Kraft, welche nach Ausschaltung der
auslenkenden Kraft zu einer Kontraktion des gesamten Bu¨ndels fu¨hrt. Dieses Bespiel zeigt
klar, dass selbst in sehr einfachen Systemen a¨ußerst komplexe Prozesse ablaufen ko¨nnen,
welche konventionell mittels dissipativer Umwandlung von chemischer Energie in mecha-
nische Arbeit beschrieben wurden.
Die Komplexita¨t der Eigenschaften von Aktinbu¨ndeln nimmt zudem drastisch zu sobald
zusa¨tzliche Proteine mit eigenen mechanischen Eigenschaften das System beeinflussen.
Zur Untersuchung eines solchen Mehrkomponentensystems wurden Aktinfilamente mit-
tels transienter Vernetzungsproteine gebu¨ndelt. Versuche auf unterschiedlichen Zeitskalen
zeigten klar differenzierbare mechanische Antworten auf induzierte, aktive Biegedeforma-
tionen. Im Falle kurzer Deformationen verhielt sich das System vo¨llig elastisch, wa¨hrend
fu¨r lange Deformationszeiten deutliche plastische Effekte auftraten. Als Ursprung dieser
Plastizita¨t wurde die dynamische Umordnung der Vernetzungsproteine identifiziert.
Jedoch fu¨hren nicht nur zusa¨tzliche Proteine zu einer erho¨hten Komplexita¨t. Bereits die
Anordnung von reinen Aktinbu¨ndeln in Netzwerke mittels entropischer Kra¨fte fu¨hrt zu
einer u¨berraschenden Variabilita¨t von entstehenden Mustern. Im besonderen Fokus dieser
Untersuchung stehen Aster a¨hnliche Muster, welche regelma¨ßige Netzwerkstrukturen aus-
bilden und nur in Verbindung mit Aktin assoziierten Proteinen bekannt waren. Sto¨rungen
der isotropen Ausgangssituation fu¨hren zu vera¨nderter Musterbildung, welche die initiale
Sto¨rung direkt widerspiegeln.
Mit den pra¨sentierten Resultaten leistet die Arbeit einen wichtigen Beitrag zum Versta¨ndnis
der Dynamik von Aktinbu¨ndeln sowie deren Interaktionen.
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Chapter 1
Introduction
Cells are the fundamental, biological building blocks of living organisms. They employ
an astonishing variety of interacting biochemical components with interwoven functions
crucial for the cellular survival. The arising complexity enables subcellular processes such
as protein expression as well as cellular responses to external stimuli [Huber et al., 2013].
Responsible components show a surprising functional diversity and one certain protein
can fulfill various tasks. The interplay of many of those components leads to a func-
tional redundancy allowing cells to employ different proteins for one and the same task.
A prominent example is knocking down experiments of molecular motors where cells are
still mobile although the underlying, central element is suppressed [Okeyo et al., 2009].
This interplay and according redundancies render cells very robust, highly tunable struc-
tures ensuring their survival.
A central module of cellular structures is the so-called cytoskeleton. It comprises three
main components: actin, intermediate filaments, and microtubuli [Lodish et al., 2003]. In
combination with accessory proteins these three main components form a scaffold deter-
mining cellular morphologies. However, the cytoskeleton is not only responsible for static,
stabilizing functions, but also facilitates active, dynamic processes. Thus, from a poly-
mer physics point of view the cytoskeleton can be described as a non-equilibrium system
with transient properties [Bausch and Kroy, 2006]. Due to these transient properties, it
is able to change between a static shape and rapid reorganizations. Interestingly, cells
can employ one and the same molecular key component (e.g. actin) to achieve differing,
seemingly contradictory states.
The presented work aims to extend the knowledge of the cytoskeletal key component
actin. This protein polymerizes into long, helical filaments under physiological conditions
and can be further arranged into networks, bundles, or even networks of bundles. These
structures fulfill tasks on different levels of cellular complexity. Underlying actin filaments
hold certain mechanical properties, which contribute to mechanical properties of higher
ordered arrangements.
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The variety of comprising components renders the cytoskeleton a structural and func-
tional anisotropic structure on all involved scales. However, these anisotropic structures
can form highly ordered, organized systems. Actin filaments, for instance, can be arranged
in the so-called lamellipodium enabling cell motility [Schaub et al., 2007]. To investigate
these arrangements it is insufficient to describe specific atomic subunits or the behavior of
the overall structure to understand organizations on the mesoscopic scale. Interestingly,
bottom-up as well as top-down approaches fail to comprehensively evaluate properties
of mesoscopic structures such as actin bundles. Besides their inherent properties, actin
systems can be altered by employing a variety of accessory proteins, which can cross-link
filaments or even allow active functions. The interplay of these components and their in-
terwoven functioning is hardly experimentally accessible from other levels of complexity.
A prominent actin accessory protein is the molecular motor myosin, which can induce
contractility in actin structures [Alvarado et al., 2013]. From a biological point of view,
contractile actin structures are the basis for biological force generation [Szent-Gyorgyi,
1949]. The underlying mechanism realizes functions on different biological levels such
as macroscopic muscle contractions [Lodish et al., 2003], cell motility [Mattila and Lap-
palainen, 2008; Friedl and Wolf, 2010; Wirtz et al., 2011; Faix and Rottner, 2006; Huber
et al., 2013] and division [Scholey et al., 2003; Piekny et al., 2005], as well as self-organized
force generation on the filament level [Pollard, 2007; Finer et al., 1994; Thoresen et al.,
2011].
All these processes are considered active and rely on ATP hydrolysis. Myosin head do-
mains, for instance, are able to bind to actin filaments or bundles. Upon ATP consump-
tion, they undergo a conformational change leading to a power stroke and thus to force
exertion onto a bound actin filament [Spudich, 2001]. This process is cyclic converting
chemical energy into mechanical work for force generation as long as ATP is present.
These active interactions alter properties of actin - myosin structures, which are therefore
considered active soft matter. Their mechanical properties, for instance, depend on energy
conversion [Fletcher and Geissler, 2009]. In an uncross-linked actin network enriched with
myosin motors and ATP, active motors enhance actin filament sliding fluidizing the whole
system [Humphrey et al., 2002]. If actin structures are cross-linked by other accessory
proteins, motor activity induces a contractile tension yielding a stress hardening of the
system [Alvarado et al., 2013]. Generally, structures of myosin motors, ATP, and actin
filaments have been considered the minimal system for biological contractions [Thoresen
et al., 2011; Stachowiak et al., 2012; Smith et al., 2007].
These examples already illustrate the increasing complexity if accessory proteins are em-
ployed with actin structures. However, pure actin solutions already show surprisingly com-
plex arrangements, which were conventionally attributed to accessory proteins. Recent in
vitro studies, for instance, revealed that certain structure formations are independent of
accessory proteins. Structure formation is rather enhanced by additional components, but
initially relies on physical principles [Huber et al., 2012; Deshpande and Pfohl, 2012]. This
example illustrates the importance to study actin systems detached from the rich cellular
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protein pool to investigate specific physical constraints underlying certain processes. It
becomes increasingly clear that physical constraints are inherent characteristics in struc-
ture formation, which extends the phase space of properties arising due to biochemical
components.
Presented studies rely on the terms self-organization and self-assembly. These terms,
however, are often used differently in differing disciplines. For a clear distinction of these
terms and according process descriptions, I refer to definitions given by Halley and Win-
kler [Halley and Winkler, 2008]. They describe self-organization as ”... a dissipative
non-equilibrium order at macroscopic levels, because of collective, nonlinear interactions
between multiple microscopic components. This order is induced by interplay between in-
trinsic and extrinsic factors, and decays upon removal of the energy source” [Halley and
Winkler, 2008]. In contrast, self-assembly is defined as ”... a non-dissipative structural
order on a macroscopic level, because of collective interactions between multiple (usually
microscopic) components that do not change their character upon integration into the
self-assembled structure. This process is spontaneous because the energy of unassembled
components is higher than the self-assembled structure, which is in static equilibrium, per-
sisting without the need for energy input” [Halley and Winkler, 2008].
According to these definitions, self-organization and self-assembly can be distinguished
by whether a system dissipates energy or solely relies on minimization of free energy.
Examples of self-organization are cell motility by the lamellipodium or actin-myosin force
generation [Huber et al., 2013], which constantly dissipate energy by ATP hydrolysis.
Biophysical examples relying on self-assembly are actin bundle formation processes via
counterion condensation or depletion forces [Tang and Janmey, 1996; Hosek and Tang,
2004]. These examples and further background information are given in greater detail in
chapter 2.
The central goal of this thesis is to investigate self-assembly processes underlying certain
properties of actin bundles or emergence of structures of actin bundles. Presented studies
illustrate that certain states and functions can be achieved even without the arrangement
of dissipative, self-organizing structures. These results emphasize that physical principles
have to be taken into account more carefully to explain emerging properties. According
experimental methods are presented in chapter 3.
I present three studies explaining self-assembly effects on different levels of complexity.
The first project describes how interactions of actin bundles with their environments can
lead to an entropically driven contraction. This statement already illustrates the discrep-
ancy to previous studies, which identified myosin motors, ATP, and actin filaments as the
minimal system for contractions.
In order to increase the biochemical complexity of these systems, I investigated influences
of cross-linking proteins on mechanical properties of actin bundles within the second
project presented. These measurements revealed a possible time dependent tuning of me-
chanical properties due to accessory proteins.
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Complementing an increase of biochemical complexity, I present the emerging complexity
due to physical constraints within a third project. In that course I extend studies of single,
uncross-linked bundles to a scale of bundle networks. Emerging patterns have been found
to form independently of accessory proteins at odds with previous findings [Backouche
et al., 2006; Smith et al., 2007]. Results of each study are presented in chapter 4 and
subsequently discussed in chapter 5.
Chapter 2
Background
2.1 Depletion forces
In a crowded environment suspended colloidal particles experience a attractive force which
tends to group them together. This phenomenon of induced depletion forces was described
originally as an arrangement of beads in a polymeric solution [Asakura and Oosawa, 1954,
1958]. Attractive forces between these particles are generated solely by the presence of
free, non-interacting polymers (e.g. polyethylene glycol (PEG) or methyl cellulose (MC))
in the surrounding solution.
In these environments a small volume directly surrounding the colloids can be described
as an excluded volume. This volume is hardly penetrated by polymers of the solution
(Figure 2.1 a). If a polymer enters this region, its motion will be confined due to the
vicinity to the colloidal particle. A confinement of motion would lead to an entropy de-
crease and is thus unfavorable [Asakura and Oosawa, 1954, 1958].
These crowding effects are also considered in cellular systems [Ellis, 2001]. The reduced
space due to entropy effects can cause forces or structural arrangements, which are how-
ever rarely understood in cells. So far only few examples emphasize that crowding effects
have to be considered more carefully in biological matter [Ellis, 2001; Huber et al., 2013].
2.1.1 Attraction of spherical and rod-like particles
By increasing the polymer concentration, a grouping effect of suspended colloids appears
resulting in an overlap of excluded volumes. Therefore, the total volume accessible for
non-interacting polymers is increased leading to an entropy gain of the system (Fig-
ure 2.1 (a)). These depletion force effects also appear in solutions of filamentous rods
and non-interacting polymers (Figure 2.1 (b)). Bundling, for instance, of actin filaments
(section 2.6) due to the presence of an inert polymer has been described previously [Hosek
and Tang, 2004]. The authors described that the inert polymer PEG induces a bundling
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phenomenon in actin filament solutions when its concentration exceeds a critical onset
value Co. Over a limited range of PEG’s molecular weight and ionic strength, Co can be
expressed as a function of these two variables. The process is reversible, but hysteresis is
also observed in the dissolution of bundles, with ionic strength having a large influence.
Additional actin filaments are able to join previously formed bundles, but PEG polymers
are not incorporated into the actin structures [Hosek and Tang, 2004].
Molecular crowding effects represent a fundamental physical interaction which cannot be
switched off even in active cellular systems. The cytoplasm itself is a densely crowded
environment filled with macromolecules (up to 40%) [Ellis, 2001]. However, depletion
forces are not based on energy dissipation and only rely on entropy maximization in an
equilibrated system, and therefore can be viewed as a complementary or even competing
process with respect to the active, dissipative cellular process.
Alternative descriptions of depletion forces caused by a crowded environment are based
on osmotic pressure or good and bad solvent effects. However, throughout this thesis I
am using the entropic characterization of this effect. Additional information on depletion
forces can be found in Israelachvili, 2011 [Israelachvili, 2011].
r
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Figure 2.1: High concentrations of non-interacting polymers - so-called crowding agents - in
solution are causing attractive forces between (a) colloidal particles [Asakura and Oosawa, 1958]
or (b) filamentous rods [Hosek and Tang, 2004]. If excluded volumes of particles or interacting
rods overlap, the total volume for non-interacting polymers increases. The newly available
volume for polymers in solutions leads to an increase of entropy for the whole system. Inspired
by [Asakura and Oosawa, 1958] and [Hosek and Tang, 2004].
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2.1.2 Axial sliding of rod-like particles
Attractions of spherical colloidal particles by depletion forces are a well studied phe-
nomenon. In contrast, entropy caused attractions of rod-like particles gained less atten-
tion. However, their attraction is multifaceted and polymeric rods are not only vertically
directed but also axially arranged. Since these outstretched rods are not arranged by cross-
linkers, they can be deflected from their equilibrium state by axial sliding (Figure 2.2).
Theoretical approaches have included these possibilities showing emergent effects and
how they influence to overall energy potential. These studies revealed that two axially
deflected rods in a crowded environment tend to restore the energetic minimum by a slid-
ing motion. Exerted forces within this process have found to be of linear shape since the
energy gain per unit length is constant [Galanis et al., 2010; Kinoshita, 2004; Li and Ma,
2005]. Recently, these findings have been supported by experiments. Stiff biopolymers
- so-called microtubuli - have been found to exert constant forces when attracted along
their axes. Addition of a third rod revealed that forces arise due to a pairwise additivity
of the depletion interaction [Hilitski et al., 2015].
Figure 2.2: Depletion forces induced by a crowded environment can induce the grouping of rod-
like, suspended particles. The attractions arrange these rods with vertical as well as horizontal
components. If these rods are deflected along their axes, a constant restoring forces arises
to restore the equilibrium state with a maximized overlap of excluded volumes. Inspired by
[Kinoshita, 2004].
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2.2 Polymer physics
Polymers are large molecules build up by monomeric units. They can be produced syn-
thetically but also appear in a wide variety in nature. Well known biopolymers are DNA
and proteins, which are crucial elements for life. Many theories have been developed to
describe the formation and behavior of polymers in general. In particular, models for
semi-flexible polymers, which have an outstretched configuration due to their stiffness
but still show Brownian fluctuations, are highly important to understand biological pro-
cesses. One of the most prominent models is the so-called worm-like chain (WLC). The
underlying description allows derivations of models for more complex structures such as
networks or bundles of worm-like chains.
2.2.1 Worm-like chain model
Very flexible polymers form a coiled structure and can be well described within the frame
of the freely-jointed chain model [Doi and Edwards, 1986]. However, this model is very
limited since it does not account for rigidity of polymers or self-avoiding effects. To de-
scribe the behavior of uncoiled polymers rigidity is an important parameter and more
sophisticated theories have to be applied.
The WLC, for instance, can be used to describe mechanics of semiflexible polymers
[Kratky and Porod, 1949]. Polymers are described with regards to their monomers, which
roughly point in the same direction. Due to this cooperativity polymers show a curved
shape caused by thermal fluctuations. These bends are a measure for the storage of free
energy and would disappear at T = 0K [Doi and Edwards, 1986; Rubinstein and Colby,
2003; Landau and Lifshitz, 1996].
Using the WLC, a differentiable curve r(s) can be used to describe polymers. Within this
frame, statistical properties are determined by the effective free energy [Kroy and Frey,
1996]
H =
κ
2
∫ L
0
ds
(
∂2r(s)
∂s2
)2
, (2.1)
with κ being the bending stiffness as described below and L being the contour length.
The tangent vector (t(s) = ∂r(s)/∂s) at the arc length s of r(s) is used to calculate ma-
terial properties of the polymer. The energy storage (polymer curvature) at a certain
temperature allows an evaluation of the stiffness of the polymer.
The correlation of different points along the polymer contour can be analyzed by their
according tangent vectors. If points are close to each other, the fluctuation of one point
strongly affects the other since they are correlated due to the polymer’s stiffness. Ac-
cordingly, their tangent vectors roughly point in the same direction. By increasing the
distance between the two points, they become less correlated and tangent vectors point
in different directions (Figure 2.3).
2.2 Polymer physics 9
S
1
S
2
t
0 t
1
t
2
S
0
Figure 2.3: Points (S) along the contour of a semiflexible polymer have different tangent vectors
(t). If points are close to each other (S1 & S2), their tangent vectors are correlated and roughly
point in the same direction. In case points are further apart (S1 & S3), their tangent vectors
are uncorrelated pointing in different directions.
The correlation function of the points S0 and Sx can be defined via the scalar product of
according tangent vectors by averaging over all possible fluctuation shapes of the poly-
mer. Within this description two limiting cases arise, fluctuations or tangent vectors are
fully correlated (
〈
t˜S0 · t˜Sx
〉→1) or uncorrelated (〈t˜S0 · t˜Sx〉→0). The arising correlation
function decays exponentially with a decay constant called the persistence length lp:〈
t˜0 · t˜p
〉
= e
− |p|
lp .
Persistence lengths lp are a quantitative measure for polymer stiffness. The ratio of the
polymer’s contour length L and lp can be used to classify polymers and to explain their
structural arrangement [Doi and Edwards, 1986]:
1. lp > L: The polymer can be considered as a stiff rod (almost no thermal fluctuations)
allowing a simple mechanical description.
2. lp < L: The polymer is considered flexible (strong thermal fluctuations) forming
coiled structures.
3. lp ∼= L: The polymer is considered semiflexible showing thermal fluctuations but
remains its outstretched configuration.
All these regimes can be found in biological systems (Figure 2.4) and the stiffness of
biopolymers highly depends on their internal architecture. These structures can be em-
ployed for a variety of biological functions relying on their according mechanical properties.
The semiflexible regime includes a variety of biopolymers such as actin (section 2.3). The
synergy of the outstretched configuration and thermal fluctuations allow cells to employ
one component for many tasks. Due to thermal fluctuations statistical processes such
as Brownian motion can be employed while the outstretched configuration allows a con-
trolled attachment of accessory proteins such as motors.
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Figure 2.4: Stiffness regimes can be characterized by the ratio of contour length L and persis-
tence length lp. In nature various biopolymers are employed with differing stiffness as illustrated
by three major cytoskeletal components and DNA. Their mechanical responses and thermal fluc-
tuations highly depend on their internal architecture [Huber et al., 2013].
To approach these polymers theoretically, new models had to be developed accounting
for the outstretched configuration as well as thermal fluctuations. The WLC and the
arising persistence length are a first step to evaluate material properties of biopolymers.
However, lp depicts thermal fluctuations showing a temperature dependency lp ∝ 1T and
cannot be considered as a material constant in general. Introducing the bending stiffness
κ eliminates the temperature dependency by multiplying the thermal energy to the per-
sistence length: κ = kBTlp [Doi and Edwards, 1986].
According to the WLC, κ can be derived via lp by measuring thermal fluctuations of
polymers [Claessens et al., 2006b]. This is a powerful tool to understand and describe
semiflexible polymers as well as to quantitatively differentiate different kinds. The WLC
can be even applied to theoretical approaches of assemblies of filaments into networks.
However, to describe filament bundles the theory has to be extended to depict the ac-
cording behaviors sufficiently.
2.2.2 Worm-like bundle model
The worm-like bundle model (WLB) is an extension of the WLC, which is able to describe
the behavior of a bundle of worm-like chains. In cells, these bundles are employed in
different types of structures to ensure mechanical integrity. A prominent example is actin
bundles (section 2.6), which are involved in static as well as dynamic processes. These
filament bundles are usually held together by cross-linking proteins adding their own
mechanical properties to the overall structure.
Coherent to the WLC, the intrinsic material parameter for the WLB is the bending
stiffness κb of the whole bundle. This bending stiffness, however, is state-dependent and
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arises from the interplay of individual filament stiffness and the softer relative sliding
motions between filaments within the bundle [Heussinger et al., 2007; Bathe et al., 2008].
This interplay leads to a sensitivity of κb to time and length scales on which a bundle is
probed.
Within the frame of this theory, N filaments of unit length L, and bending stiffness κf
are building up a cross-linked bundle. Neighboring filaments are discrete and irreversibly
cross-linked with a mean axial spacing δ. Additionally, cross-links are compliant with
a shear stiffness kx and modeled to be inextensible and transverse to the main axis.
Filaments are fixed at distance b. To describe the behavior of the whole bundle, three
Hamiltonians are needed [Heussinger et al., 2007; Bathe et al., 2008]
HWLB = Hbend + Hstretch + Hshear. (2.2)
These contributions correspond weak bending of one filament (Hbend), filament stretching
(Hstretch), and cross-linker shear (Hshear)
Hbend =
Nκf
2
∫ L
0
ds
(
∂2r⊥
∂s2
)2
,
Hstretch = Mksδ
∫ L
0
ds
M−1∑
i=−M
(
∂ui
∂s
)2
,
Hshear =
Mkx
δ
∫ L
0
ds
M−1∑
i=−M
(
∆ui + b
∂r⊥
∂s
)2
,
(2.3)
with M describing the according bundle layer, ui the stretching deformation of fila-
ment i, ks the filament stretching stiffness on the scale of the cross-link spacing δ and
∆ui = ui − ui−1 [Heussinger et al., 2007].
Due to the N-dependency of the first term non-trivial properties arise. A coupling pa-
rameter α = kxL
2
ksδ2
can be introduced by similarity transformations allowing descriptions
of the relative stiffness of a bundle’s stretching and shearing modes. Interactions of these
parameters result in a new Hamiltonian
H˜ = M
∫
s˜
[
2Mκˆf r˜
′′2
⊥ +
M−1∑
i=−M
u˜
′2
i + α
M−1∑
i=−M
(
∆ui + r˜
′
⊥
)2]
, (2.4)
describing, for instance, how cross-linker concentration affects the stiffness. These inter-
actions render a bundle a tunable structure.
Using the coupling parameter α, two limiting cases arise due to differing κb caused by
different cross-linker properties. If (α→∞), cross-linkers resist shear and filaments ap-
pear as connected structures. Under deformation the bundle’s response is dominated by
filament stretching [Heussinger et al., 2007]. These so-called fully coupled bundles display
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a quadratic dependency of κb on N. If α→ 0, filaments bend independent under deforma-
tion since cross-linkers do not resist shearing forces. These so-called decoupled bundles
display a linear dependency of κb on N.
In the intermediate regime, a transition from the fully coupled to the decoupled state
results in a change of the scaling behavior of κb from N
2 to N. Thus, the model describes
two competing mechanisms with increasing N, cross-linker shearing and filament stretch-
ing. This cooperative effect adds new dimensions or parameters to bundled structures
allowing the bundle’s response to be tuned against external deformation. Additionally, a
combination of differing cross-linkers allows to tune these properties even further.
2.3 Actin - from monomers to filaments
Actin is one of the most conserved proteins in nature and occurs ubiquitously in eukary-
otic cells. As a main component of the cytoskeleton it is a multifaceted building block
crucial for the emergence of cytoskeletal networks or bundles. These forms are central
elements for the cell structure and motility [Huber et al., 2013].
In vitro, actin appears in its monomeric form (Figure 2.5 (a)) - so-called G-actin - under
low salt conditions. The protein is approximately spherical, but can be divided into two
halves forming a central cleft. Each half can be additionally divided into two subdomains.
Within the central cleft either adenosine triphosphate (ATP) or adenosine diphosphate
(ADP) adhere, which are complexed with a divalent ion (Mg2+ or Ca2+). This polarity
causes a functional polarity as well [Alberts et al., 2008].
2.3.1 Actin polymerization
Monomers polymerize under physiological conditions or high salt concentrations (100mM
KCl) into long, helical filaments (Figure 2.5 (b)) with a diameter of about 10 nm and an
exponential length distribution with a mean of 6 - 7 µm [Sept et al., 1999]. These helical
filaments can be either described as a one-start left handed helix (in genetic terms) with a
span of 5.9nm or as a intertwined two-start (two protofilaments) right handed helix with
a span of 72 nm [Carlier, 1991].
Due to the functional polarity of monomers, filaments carry a functional polarity as well.
Forming ends are either called plus (or barbed) and minus (or pointed) end (Figure 2.5
(b)). The ability to polymerize and depolymerize are crucial properties of actin allowing
the generation of dynamic, cellular structures. These structures are the basis for impor-
tant cellular tasks such as motility, responses against external influences, and stability.
To form dynamic structures, monomers can be added or dissociated at both ends of the
filament. The determining parameter is the ratio of monomer concentration and critical
concentration ccrit. of the according end. ccrit. is the ratio of on- and off- rates describing
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Figure 2.5: (a) Protein structure of an actin monomer with a molecular weight of 42 kDa
[Kabsch et al., 1990]. (b) Monomers polymerize into long helical filaments with a plus and
minus end [Huber et al., 2013].
the minimal monomer concentration, which in average supports monomer addition to the
specific end [Lodish et al., 2003].
The so-called treadmilling model describes that monomers are added to the (+) end as
ATP-actin and soon after assembly the ATP nucleotide is hydrolyzed to ADP+Pi. Subse-
quently, the phosphate slowly dissociates and thus filaments consists mainly of ADP+Pi-
actin and ADP-actin, with a cap region of ATP-actin at the barbed end [Pollard and
Borisy, 2003]. Thus, filament ends have differing chemical conformations manifesting as
different critical concentrations. ATP enriched actin has a higher binding affinity to other
monomers leading to a lower critical concentration at the (+) end.
If the monomer concentration is in between the critical concentration of both ends,
monomers are added in average to the (+) end and dissociated at the (-) end [Wegner,
1976]. The brief description of the treadmilling model is sufficient to describe underly-
ing polymerization processes used to form filaments, which are employed for experiments
presented within this thesis. For a deeper insight to dynamics of dissipative filament
formations and potentially involved accessory proteins please find more information in
Lodish et al., 2003 as well as in Pollard and Borisy, 2003 [Lodish et al., 2003; Pollard and
Borisy, 2003].
Actin filaments are considered semiflexible (L ≈ lp) and can be well described within the
frame of the WLC (subsection 2.2.1). This theory allows a description of actin filament
solutions enabling approximations of equilibrium as well as dynamic properties. However,
situations becomes far more complicated if actin accessory proteins are involved. These
additional components can alter polymerization and depolymerization dynamics, nucle-
ation dynamics, or the mechanical stiffness of a filament. Furthermore, they can induce
active behavior relying on ATP hydrolysis or can even lead to assembly of higher ordered
structures such as networks or bundles by cross-linking proteins (Figure 2.6).
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Figure 2.6: Various accessory proteins can alter actin dynamics. Some representatives and
their according functions are shown and classified into three categories [Huber et al., 2013].
Actin networks can be either entangled or cross-linked. They can be employed to form
the dynamic module called the lamellipodium driving cell motility [Huber et al., 2008].
This example already illustrates the crucial role of actin and arising networks in nature.
This module forms the basis of cell motility realizing tasks such as wound healing or the
movement of neutrophils. Due to its central biological role, actin networks have been in
focus of many studies and subject to mathematical descriptions [Kaes et al., 1994, 1996;
MacKintosh et al., 1995]. In cellular conditions, however, actin interacts with a variety of
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components of the rich cellular protein pool. These components even interact with each
other and realize not only one but diverse functions, which can be altered by chemical cues
or external signals. To understand properties arising due to actin networks, bottom-up in
vitro experiments were conducted. These studies allowed to investigate specific functions
of accessory proteins identifying molecular key players for functions such as protrusion
by the lamellipodium [Pollard et al., 2000; Bussonnier et al., 2014]. These results can be
employed to form artificial structures as well.
2.4 Actin interaction with its molecular motor myosin
Actin-myosin structures are the basis for biological force generation employed for various
tasks on multiple levels of complexity [Huber et al., 2013]. These tasks range from macro-
scopic muscle contractions [Lodish et al., 2003] to cell motility [Faix and Rottner, 2006;
Mattila and Lappalainen, 2008; Friedl and Wolf, 2010; Wirtz et al., 2011] and division
[Scholey et al., 2003; Piekny et al., 2005], as well as force generation on the filament level
[Finer et al., 1994; Pollard, 2007; Thoresen et al., 2011].
Myosins are a family of active actin accessory proteins found in eukaryotic cells and tis-
sue. Diverse classes of this protein have differing properties. These classes can be further
divided into subclasses, which share similar structural organizations. They are all build
up by a head, neck, and tail region and share properties like the ability to bind to actin
as well as to controllably hydrolyze ATP. These properties lead to the ability to convert
chemical energy into mechanical work [Lodish et al., 2003]. However, different subclasses
vary in the number of head and neck domains, neck domain properties, and tail length
with according binding affinities (Figure 2.7).
Different myosin domains combine various functions and properties within one protein.
The head domain can bind to actin filaments and by hydrolyzing ATP to ADP, myosin
head domains undergo a conformational change - the so-called power stroke - leading to
a force exertion onto the bound actin filament [Szent-Gyorgyi, 1949; Kron and Spudich,
1986; Spudich, 2001]. This interaction is a cyclic process constantly converting chemical
energy (ATP hydrolysis) into mechanical work (power stroke) as long as ATP is present
for energy supply (Figure 2.8). If ATP is depleted, ADP cannot be released from the
binding pocket and the myosin head remains attached to the actin filament. In this case
myosin switches from an active state to a passive state and becomes an actin cross-linker
[Lodish et al., 2003; Smith et al., 2007]. This effect appears, for instance, in the rigor
mortis.
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Figure 2.7: Three structure examples of the myosin family, typically composed of a head, neck
and tail domain [Lodish et al., 2003].
If ATP is supplied and if myosin motors are fixed, actin filaments are actively pushed
forward. In the case of fixed actin filaments, myosins move along these fibers towards the
(+) end (except myosin VI which moves to the (-) end) [Lodish et al., 2003]. Myosin II,
for instance, moves in steps of 5 - 10 nm at an approximated speed of 4.5 µm/s and exerts
forces of 1 - 5 pN [Finer et al., 1994; Lodish et al., 2003; Clemen et al., 2005]. These forces
are transmitted via the neck domain, which acts like a lever arm. Differing myosins have
differing lever arms leading to different step sizes [Sakamoto et al., 2005]. Since this is a
cyclic process, forces can be generated until ATP as an energy source is depleted. Besides
a direct force exertion like in muscles, this interaction is the basis for cellular transport.
Myosin light chains (tail region) are linked to the lever arm (neck region) and can bind
to various cargo molecules. The moving head domain subsequently pulls the cargo along
actin fibers.
In physical terms, actin - myosin structures are considered active soft matter. Mechanical
properties of these systems depend on energy conversion [Fletcher and Geissler, 2009]. For
instance, if ATP is present in an uncross-linked actin network enriched with myosin minifil-
aments, motor activity enhances filament sliding and the system is fluidized [Humphrey
et al., 2002]. In the presence of additional cross-linking proteins, myosin motors induce a
contractile tension in the actin network leading to a stress hardening of the system [Al-
varado et al., 2013]. Structures comprising myosin motors, ATP, and actin filaments have
been considered the minimal system for contractions [Humphrey et al., 2002; Alvarado
et al., 2013].
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Figure 2.8: Shown is the actin - myosin interaction as a cyclic process converting chemical
energy into mechanical work. The principle is illustrated for a myosin II head domain as part of
a filament within muscles. Other myosins attached to cargo, however, are operating accordingly.
Without an attached nucleotide such as ADP or ATP the myosin head domain binds tightly
to actin. Within the first step (a) the binding of ATP reduces the binding affinity to actin
and the head unbinds. In its unbound state, myosin hydrolyzes ATP to ADP+Pi leading to a
conformational change and a different head to tail angle. This new position is closer to the (+)
end of the actin filament, where the head binds again (b). Due to the following dissociation of
the Pi from the binding pocket, the myosin undergoes a conformational change again restoring
the starting myosin configuration. Since the head domain is bound to actin this structural
change causes a force exertion the so-called power stroke (c). The cycle is completed after ADP
is released from the binding pocket (d) [Vale, 2000; Lodish et al., 2003].
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2.5 Non-dissipative actin accessory proteins
Myosin motor proteins describe a class of energy dissipating, active actin accessory pro-
teins. These components alter properties of actin systems by converting chemical en-
ergy into mechanical work. Besides active components, cells employ a variety of non-
dissipative, passive components to tune properties of actin systems. A mayor class are
cross-linker proteins, which have at least two actin binding sites able to connect to two
filaments.
These cross-linkers can be further divided into sub-classes. The variety of proteins lends
cells the ability to arrange and tune various actin based structures. How these accessory
proteins are grouped in different sub-classes often depends on the underlying background
of according studies. As illustrated in subsection 2.2.2 in the frame of the WLB model,
cross-linkers are described within the boundaries of fully coupled (short rigid) and decou-
pled (long and flexible) cross-linkers according to their mechanical properties [Heussinger
et al., 2007; Bathe et al., 2008]. From a biological point of view they are often grouped
by their size, binding affinity, or physiological functions [Pollard and Earnshaw, 2002].
Cross-linking proteins fulfill a variety of tasks, which are closely related their structure.
While some of these accessory proteins tend to form actin networks, others favor a parallel
alignment of filaments into bundles or even networks of bundles. These differing struc-
tural arrangements already illustrate how additional components can lead to very different
mechanical properties although employing the same molecular key player [Lodish et al.,
2003]. However, some cross-linkers can form networks as well as bundles. The arrange-
ment of certain structures depends on parameters such as filament length and density as
well as the amount of cross-linkers. Additionally, cross-linkers can vary in binding angles
and binding affinities favoring specific cross-linking orientations of filaments [Pollard and
Earnshaw, 2002].
Some cross-linking proteins have been identified as the basis for the formation of actin
bundles in the cytoskeleton. They can be loosely grouped into families by their size or
molecular weight, respectively. One of the best characterized family of bundling proteins
contains α-actinin, spectrin, and filamin, which are share a pair of 28 kDa actin binding
domains. Other proteins such as fascin [Yamakita et al., 1996; Ono et al., 1997], villin
and demantin [George et al., 2007], fimbrin [Klein et al., 2004], as well as scruin [Schmid
et al., 1994] are associated to further families. Nature employs this astonishing variety
of cross-linkers to finely tune mechanical properties, for instance, of actin bundles. Thus,
bundles can be employed for multiple tasks, which on first sight seem somehow contra-
dictory. Recent experiments even reported that non-dissipating, passive cross-linkers can
exert forces on a biological relevant scale in microtubuli system [Lansky et al., 2015].
Although this effect has been shown in microtubuli systems, it emphasizes that biolog-
ical force generation can be achieved by self-assembly arguments only. In the course of
this thesis I will demonstrate that biological force generation can be achieved with actin
bundles even in the absence of any accessory proteins [Schnauß et al., 2015].
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2.6 Actin bundles
Besides the arrangement into networks, actin filaments can be also assembled into bun-
dled structures. Filaments within bundles are arranged parallel or antiparallel with a
roughly constant inter-filament spacing. Thus, bundles display a higher order compared
to networks and have consequently a higher order parameter. Despite their crucial role in
cellular functions such as neuronal growth or cell stability, their properties are still widely
unexplored.
2.6.1 Fundamental bundling principles
Actin filaments have a polydisperse length distribution, which leads to bundles that are
anisotropic structures varying in length and thickness. Thus, investigations of single
bundles require experiments on the mesoscopic scale since bulk measurements rely on a
homogenous material distribution throughout the entire sample. Therefore, established
methods like bulk rheology cannot be applied. Responses to external forces would vary
depending on the bundle concentration and their anisotropies. However, first mathemat-
ical approaches can explain material properties for distinct boundary conditions of the
bundle within the WLB model (subsection 2.2.2).
To achieve a bundling of actin filaments, attractions are needed to overcome the electro-
static repulsion of filaments caused by their negative surface charge. An overview of three
potential bundling mechanisms is given in Figure 2.9. Cells usually employ cross-linking
proteins with at least two actin binding sites able to connect to two or more filaments.
These proteins usually undergo binding and unbinding events with different on- and off-
rates for differing cross-linkers [Heintzelman and Mooseker, 1992; Bartles et al., 1998;
Huber et al., 2013].
The addition of cross-linking proteins significantly alters a bundle’s properties. Their
properties contribute to the mechanical behavior of the overall structure as described
within the WLB theory. To investigate bundles without additional contributions it is
necessary to arrange actin filaments without accessory proteins. A first possibility is bun-
dle formation via depletion forces as described in section 2.1. Due to molecular crowding,
filaments experience an attracting force leading to an overlap of their excluded volumes.
Within this process the free energy of the system is decreased and entropy increased
[Hosek and Tang, 2004]. A second approach employs high concentrations of positive, di-
valent ions in solution to cause bundling via counterion condensation [Tang and Janmey,
1996]. These counterions compensate the negative surface charge along an actin filament.
In that course, divalent counterions can compensate the partial surface charges of two
filaments establishing an ion based cross-link.
The interplay of the rich cellular protein pool and the complexity of the cell renders
in vivo studies of actin bundles difficult. To determine their mechanical properties and
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Figure 2.9: (a) Shown are three bundling mechanisms for actin filaments used for experiments
described within this thesis. Actin filaments can be either bundled by additional cross-linking
proteins or fundamental physical effects such as depletion forces (section 2.1) or counterion
condensation. (b) Transitions from isotropically distributed filaments to ordered bundles by
depletion forces as well as counterion condensation are rather sharp [Suzuki et al., 1996; Tang
and Janmey, 1996].
to distinguish between contributions of involved components, in vitro investigations are
inevitable. The potential to form bundles without cross-linkers allows investigations of
mechanical properties of the bundle itself and contributions of additional components
with bottom-up approaches.
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2.6.2 Contributions by cross-linking proteins
α-actinin is a prominent example of an actin cross-linking protein, which forms networks
as well as bundles. It has two actin binding sites and is arranged as an anti-parallel
dimer [Yla¨nne et al., 2001]. Furthermore, α-actinin is considered a dynamic cross-linker
able to constantly bind and unbind to actin filaments. This allows rearrangements within
actin structures as well as active or passive responses to external forces [Wottawah et al.,
2005]. In unbound states these cross-linkers can diffuse and subsequently bind to at other
positions [Aratyn et al., 2007].
This so-called transient binding is manifested in different responses against external forces
when compared to permanently cross-linked bundles [Claessens et al., 2006a]. Thus,
varying binding affinities and cross-linker dimensions add further parameters allowing
cells to tune a bundle’s response and accordingly mechanical properties. One of the
first studies on these influences calculated the bending stiffness of bundles enriched with
differing cross-linker proteins such as fascin, plastin or α-actinin [Claessens et al., 2006a].
Within this study the dependency of bundle size, involved concentrations, and cross-
linker type to the overall bending stiffness were systematically investigated. The bending
stiffness was evaluated via thermal fluctuations observed with epi-fluorescence microscopy
(Figure 2.10). Depending on the cross-linker type, distinct bending stiffness regimes were
observed that differed by orders of magnitudes [Claessens et al., 2006a]. These results
are a first hint of the large impact of actin accessory proteins, which has been previously
underestimated.
10 µm
Figure 2.10: Via thermal fluctuations of the actin bundle backbone and with known droplet
sizes, different bending stiffness of differently formed actin bundles can be evaluated [Claessens
et al., 2006a].
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These in vitro experiments already draw a complex picture of possible bundle responses
against external stimuli. The rich cellular protein pool with many interacting compo-
nents increases this complexity even further. So far experiments with bundles formed
either without cross-linkers or one specific type of cross-linker were realized mimicking
limited cellular cases. In cells, more than one specific cross-linker type can be involved
in bundle arrangements giving rise to a completely new phase space. To understand the
biological importance of these structures, bottom-up approaches are limited. Top-down
experiments are needed to detect their specific functions in a biological environment.
2.6.3 Naturally occurring examples of actin bundles
One of the main cellular functions of actin bundles is the structural support of the cy-
toskeleton in form of stress fibers. They provide enhanced mechanical stability due to
their large bending stiffness (Figure 2.11). However, these static properties are accompa-
nied by a variety of active functions. Although these tasks seem somehow contradictory,
they are fulfilled by the same key component.
Actin bundles are employed, for instance, in brush border microvilli supporting epithe-
lial plasma membranes. These finger-like, highly regular entities comprise 20 - 25 actin
filaments per bundle cross-linked by villin, fimbrin/plastin, and probably espin [Heintzel-
man and Mooseker, 1992; Bartles et al., 1998]. Furthermore, bundles build up hair cell
stereocilia found in arrays in the inner ear. These arrays are involved in the transduction
of mechanical stimuli into electrical signals enabling the basic principle underlying the
process of hearing [Roberts et al., 1988]. Bundles are supported by fimbrin, plastin, and a
variety of molecules such as some isoforms of espin or unconventional myosins. They are
up to 10µm long and contain up to 900 actin filaments [Tilney et al., 1989, 1992; Bartles,
2000].
Filaments within a bundle are either aligned parallel or anti-parallel. An anti-parallel
alignment enables exertion of contractile forces by myosin motors (section 2.4). Addition-
ally, other proteins such as formin are employed to alter polymerization kinetics of actin
filaments [Romero et al., 2004; Kovar and Pollard, 2004]. These two examples already
illustrate how actin bundles can be used for active processes involving energy dissipation
via ATP hydrolysis.
Furthermore, if cells need to respond dynamically to external stimulation, static cross-
linked actin structures impede these dynamics. In this regard, the dynamic nature of
cross-linking proteins allows the dissolution of actin bundles within minutes enabling cel-
lular dynamics such as protrusion. The ability to dissolve as well as remaining bundle
integrity is balanced by a prestress due to molecular motors. Myosins counteract bun-
dle disintegration by applying a steady force enabling bundles to remain their integrity
while they are also capable to undergo rapid structural rearrangements via dynamic cross-
linking [Xu et al., 1998; Fabry et al., 2001].
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Figure 2.11: Actin bundles build up stress fibers within the cytoskeleton giving a cell structural
stability. (a) Stress fibers span throughout an entire stationary Balb3T3 fibroblast. (b) Actin
bundles stabilize a NG108 neuronal growth cone and according filopodia [Koch, 2007].
A prominent example of a bundle’s active behavior are filopodia of neuronal growth cones
(Figure 2.11 (b) & Figure 2.12). These growth cones trigger the growth of the whole
neuron and the development of the nerve system. To establish crucial neuronal structures
during embryogenesis, growth cones have to test their surrounding environment carefully
to find the right growth paths needed to form an intact nerve system. The main element
for these tests are filopodia, one of the most crowded cellular entities, which can be filled
up to 40% with macromolecules [Ellis, 2001]. Filopodia are stabilized by cross-linked
actin bundles, which have to be very dynamic at the same time to allow outgrowth and
retraction of filopodia. Involved cross-linkers such as fascin or fimbrin are relatively sta-
ble cross-linker opposing these dynamics [Vignjevic et al., 2006]. Fascin’s binding affinity,
however, can be influenced by phosphorylation, which drastically reduces its actin binding
affinity [Yamakita et al., 1996; Ono et al., 1997]. This mechanism, which itself is regulated
by interactions between the surface of the cell and its surrounding environment, might
act as a trigger to initiate dynamic bundle behavior. Thus, these structures can explore
and feel their environment and responses are triggered by external signals.
Involved actin bundles stretch from the tip to the base of filopodia and are highly con-
tractile although they are not directly contracted by myosin motors located at the basal
interface to the interior actin cortex [Romero et al., 2012]. This statement is supported
by the fact that actin filaments within filopodia are highly parallel in polarity due to
their polymerization from the tip [Lowery and van Vactor, 2009], thereby rendering ac-
tive myosin contractions implausible. Some approaches explain filopodia retraction via
retrograde actin flows [Rauch et al., 2013]. However, a complete uniform picture of this
contractile process remains elusive.
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Figure 2.12: Schematic of the structure of a neuronal growth cone. To explore their environ-
ment growth cones develop filopodia stabilized by actin bundles. These structures grow out of
the cell body, explore the surroundings, and either retract or stay outstretched giving the cell a
certain growth direction [Rauch et al., 2013].
2.7 Higher ordered actin assemblies
Actin arrangements are an emergent phenomenon starting at the monomeric level with
single actin proteins. Monomers polymerize into long, helical filaments which can be
further assembled into networks or bundles. These arrangements can assemble higher
ordered structures like networks of bundles. These bundle networks can be arranged
randomly, but can also form highly regular scaffolds like so-called actin asters [Backouche
et al., 2006; Smith et al., 2007].
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2.7.1 Asters and aster-like arrangements
Asters are defined as polar structures joining biopolymers at the same polar end. They
form a central cluster domain and according free ends point outwards radially [Ne´de´lec
et al., 1997; Surrey et al., 2001]. This phenomenon is well known for microtubuli sys-
tems forming, for instance, in the cell division cycle as mitotic spindles. In dividing cells,
microtubuli spindles pull one half of each chromosome to one daughter cell. In vitro
experiments demonstrated spontaneous microtubuli aster formation in the presence of
molecular motors [Urrutia et al., 1991; Ne´de´lec et al., 1997; Surrey et al., 2001].
Since these aster formations are based on motor activity, they are considered active soft
matter. Active motor proteins drive systems out of equilibrium establishing a non-ergodic
state [Walters, 2000]. In contrast to non-dissipative systems, which probe all possible
states by Brownian motion, motor based systems are driven to preferred states.
100µm 100µm
a b
Figure 2.13: Microtubuli-motor systems, which dissipate energy, organize into asters (a) or
vortices (b). Images were taken from [Ne´de´lec, 1998].
In addition to microtubuli based systems, experiments revealed aster formation for actin
systems in the presence of molecular motors. The presence of molecular motors in both
processes indicates that the development of asters is a dissipative phenomenon. How-
ever, actin-myosin systems, in contrast to microtubuli-motor systems, remain an isotropic
density distribution when all motors are active [Kurakin, 2006]. Actin aster formation
furthermore depends on cross-linking elements such as inactivated myosin [Smith et al.,
2007] or certain cross-linking proteins [Backouche et al., 2006].
In pure actin-myosin systems these structures emerge after ATP depletion and subse-
quently inactivation of myosins. In their inactivated state myosins cross-link and condense
the actin network. Release of additional ATP restores motor activity and the system re-
turns to an isotropic filament distribution (Figure 2.14 (a)). In the presence of additional
cross-linking proteins such as fascin, actin asters emerge even in the active state of myosin
motors (Figure 2.14 (b)).
The presented actin aster formations rely on cross-linking processes indicating a central
role of actin accessory proteins. However, several experimental [Schmoller et al., 2009;
Lieleg et al., 2009] and theoretical studies [Lee et al., 2004; Borukhov et al., 2005] have
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Figure 2.14: (a) In the presence of ATP (i.e., active motors), the system stays disordered
and self-assembly is observed when initial ATP is depleted. By inducing additional ATP, self-
assembled structures are disrupted and the system returns to an isotropic state. If this ATP
is depleted as well, self-assembled structure reoccur [Smith et al., 2007]. (b) Phase diagram of
actin systems depending on myosin density and fascin concentration [Backouche et al., 2006].
shown that a particular actin network architecture cannot be properly attributed to indi-
vidual cross-linking proteins. Rather the actin filament density and the relative amount
of conventional cross-linking proteins have been reported as key parameters determining
network architecture [Borukhov et al., 2005; Schmoller et al., 2009; Lieleg et al., 2010].
For low cross-linker densities networks are more dominated by filaments. Bundle net-
works have been reported for high cross-linker densities [Lieleg et al., 2010] due to the
increased number of potential cross-linker binding sites offered by a parallel bundle ge-
ometry. Additionally, previous studies reported that assembly kinetics directly influence
final appearances of keratin [Kayser et al., 2012] or actin networks [Falzone et al., 2012,
2013].
2.7.2 Influence of confinement effects
These findings illustrate how many parameters need to be controlled to obtain one partic-
ular network architecture. Additionally, confinement effects of the environment drastically
influence filament interactions, filament orientations [Soares e Silva, Marina et al., 2011;
Alvarado et al., 2014], or network geometries [Limozin and Sackmann, 2002; Deshpande
and Pfohl, 2012]. Arising boundary effects become less prominent when increasing the
confined space as illustrated in Figure 2.15.
In addition to confinement effects, the study by Deshpande and Pfohl indicates the po-
tential of actin pattern formation in the absence of any cross-linking proteins[Deshpande
and Pfohl, 2012]. Arrangements of actin filaments into bundles was achieved by high
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50 µm
Figure 2.15: Fluorescence images of actin bundle networks formed inside square and circular
confinements of different sizes. Boundaries are indicated as dashed lines [Deshpande and Pfohl,
2012].
concentrations of Mg2+ ions via counterion condensation (section 2.6). Thus, emerging
structures are independent of cross-linker properties and solely rely on fundamental phys-
ical principles [Deshpande and Pfohl, 2012].
Pattern formation via counterion condensation opens a completely new phase space com-
plementing the picture of actin structure formation via cross-linking effects. Besides
confinement effects, concentrations of actin and according bundling agent are important
parameters to obtain certain network architectures. However, actin bundling via counte-
rion condensation is a well known phenomenon, but regularly spaced networks were con-
ventionally attributed to accessory proteins [Backouche et al., 2006; Smith et al., 2007].
It has been shown that emergence of higher ordered actin structures in the absence of
accessory proteins require spatial and temporal control over the start of bundle formation
[Huber et al., 2012]. If mixing of the sample and bundling of filament take place at the
same time, the system ends up in an unordered state. Mixing effects bias an actin solu-
tion and filaments are not distributed isotropically [Huber et al., 2012]. If filaments are
allowed to rest before switching on bundling, they restore an isotropic distribution due
to thermal fluctuations. Bundling threshold concentrations can be reached by slow, con-
trolled evaporation through an oil layer leaving the isotropic system undisturbed. After
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the bundling threshold is reached the system undergoes a rapid transition into an ordered
state. Arising architectures can vary from aster-like to ladder-like or nematic structures
(Figure 2.16). Nematic structures themselves describe an additional confinement effect,
where filaments confine their motions due to high densities. Further information on effects
and potential perturbations of nematic actin system are describe by Gentry et al. [Gentry
et al., 2009].
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Figure 2.16: Phase diagram of potential higher ordered actin structures. Observed network
structures are marked by circles, triangles, and squares with typical examples of aster-like,
ladder-like, and nematic structures, respectively, shown on the right. The dashed boundaries in
the diagram refer to actin concentrations of 40 and 80 µM corresponding to the onset of partial
and nematic alignment in filamentous actin solutions [Huber et al., 2012].
Main parameters determining the final architecture are initial actin and salt concentra-
tions. The ratio of monovalent (K+) and divalent ions (Mg2+) determine the bundling
threshold concentration for a certain actin concentration [Huber et al., 2012]. To investi-
gate diverse actin filament densities at the bundling threshold, the K+ : Mg2+ ratio was
kept constant with varying actin concentrations. Resulting bundle networks are shown
in (Figure 2.16). These differing architectures clearly demonstrate the influence of actin
filament densities on the network. Lower filament densities result in so-called star-like or
aster-like structures (up to 40 µM actin) spanning throughout the entire droplet. Higher
densities lead to stripes of parallel aligned bundles referred to as ladder-like structures (40
- 80 µM actin). Even higher concentrations (< 80 µM) lead to long-range nematic effects
[Huber et al., 2012]. Interestingly, earlier studies reported a discontinuous transition from
an isotropic to a nematic phase [Viamontes et al., 2006].
Huber et al. noted that the final architecture can be varied by disturbing filament ordering
[Huber et al., 2012]. Shortening filaments, for instance, by gelsolin retards the transition
from the isotropic to the nematic state due to reduced rotational diffusion times [Doi,
1996; Helfer et al., 2005]. Systems with shortened filaments have shown a shift from
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ladder-like to aster-like structures while pre-alignment has proven to shift a system from
aster-like to ladder-like structures [Huber et al., 2012].
These results lead to a complex picture of structure formation depending on inherent
physical constrains as well as additional factors such as accessory proteins.
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Chapter 3
Materials & Methods
3.1 Biochemical preparations
Some of the proteins used for the presented studies were not commercially available or
did not match quality criteria necessary for the experiments. In these cases, the proteins
were isolated and purified from the rich cellular protein pool since they are too complex
for expression via E. coli bacteria. The extensive amount of interacting cellular proteins
renders an isolation of a single protein type rather complicated. Various techniques had
to be develop to separate differing proteins. These methods are based on differing protein
properties like electric charge, polarity, binding affinities, molecular size, and differing
solubility under different salt and pH-conditions. Buffers and according concentrations
can be found in in subsection A.1.1.
3.1.1 Actin
Purifying G-actin from rabbit muscle
The procedure to purify actin is divided into two distinct steps and is necessary since
commercially available actin does not match required quality criteria. First, skeletal mus-
cle actin is extracted and dried as acetone powder according to the method of Pardee and
Spudich [Pardee and Spudich, 1982]. Subsequently, the actual actin prep adapted from
the lab of M.-F. Calier is used to isolate solely actin.
The first step is the so-called acetone powder prep. Rabbit muscles are ground by a
meat grinder to yield a homogenous mass, which can be easily dissolved in buffer solutions.
Various steps are needed to extract solely actin out of this protein conglomerate. First
procedures aim to eliminate myosins and proteases. Buffers with high salt concentrations
dissolve the bulk of myosins and other unwanted proteins into solution. The sample is
centrifuged and pellets are resuspended in Millipore water and pH is adjusted with sodium
carbonate. To roughly remove most of these unwanted proteins, this step can be repeated
31
32 3 Materials & Methods
several times. Due to high salt concentrations actin forms filaments and networks forming
a pellet in the centrifuging process while other proteins remain in solution. At the end
of this preparation the sample solution is washed two times with cold acetone and dried
afterwards. In its acetone powder form actin is stable for months and can be stored in a
-80◦C freezer. The according protocol can be found in subsection A.1.4.
Besides actin the acetone powder still contains a variety of unwanted proteins. To ex-
tract these proteins a second preparation is necessary. Within this so-called actin prep
a variety of buffers and size exclusion chromatography are employed to yield a high actin
purity.
A depolymerization buffer on ice is used to extract acetone from the acetone powder from
the previous prep and to dissolve actin monomers. This process has to be very gentle and
slow to suppress dissolving of other proteins. Since actin is very sensitive to proteases,
the buffer has to contain azides to prevent bacterial growth. Subsequently the solution
is filtered to remove any residual acetone powder. Afterwards, the ionic strength of the
solution is increased significantly by adding potassium chloride to dissolve the cross-linker
α-actinin, which is removed by centrifugation. The solution is dialyzed against F-buffer
overnight. A further increase of the salt concentration (0.6 M potassium chloride) is used
to dissolve tropomyosin. In an additional centrifugation step F-actin sediments and forms
a dense pellet while tropomyosin stays in the supernatant. Homogenizing, repolymerizing,
respinning and washing additionally reduce impurities in the F-actin pellet. Afterwards
actin filaments are depolymerized by dialysis against G-buffer. To break up protein clus-
ters the solution is sonicated several times. Ten seconds are appropriate to break up actin
clusters while longer sonication denatures proteins.
A final centrifugation step sediments remaining impurities and oligomers while actin
monomers stay in the supernatant. These monomers are separated from potential un-
wanted left overs by gel filtration chromatography using a Superdex HiLoad 26/20 prep
grade column leading to highly purified actin monomer sample. Concentrations can be
measured by a Beckman DU 530 Spectrophotometer. Actin monomers are stored in G-
buffer and quick frozen in liquid nitrogen. Afterwards samples are stored at -80◦C. A
detailed protocol of this preparation is given in subsection A.1.5.
Fluorescently labeled F-actin
Organic materials cannot be easily visualized by traditional optical light microscopy since
they are almost transparent. Proteins, for instance, have to be labeled by fluorescent dyes
allowing observations by fluorescence microscopy (subsection 3.2.1).
Actin was labeled with various fluorescence dyes for differing experiments. Dyes like
rhodamine (Sigma-Aldrich), Tetramethylrhodamine B isothiocyanate (TRITC - Sigma-
Aldrich), Fluorescein 5-isothiocyanate (FITC - Sigma-Aldrich), Phalloidin-Atto 565 (Sigma-
Aldrich), or Alexa Fluor 488 (Life Technologies) were used allowing observations in dif-
ferent spectra.
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Some of these dyes involved a mushroom toxin called phalloidin. Phalloidins can bind to
various dyes as well as to actin filaments, which dramatically slows down polymerization,
depolymerization, and treadmilling processes. Additionally, filaments are stabilized and
become stiffer leading to an increased persistence length. Rhodamine-phalloidin bound
to F-actin highly enhances fluorescence and intensifies the contrast of filaments [Huang
et al., 1992].
Phalloidin based dyes can be easily attached to actin filaments simply by adding the dye
to the polymerization process (section 3.5). The solution has to rest for at least an hour
and can be used up to seven days when stored at room temperature.
Dyes without phalloidins required an additional biochemical preparation. These preps
involved various incubation, filtration, dialysis, and centrifugation steps. According pro-
tocols can be found in subsection A.1.6 and subsection A.3.1.
3.1.2 Bead preparation and attachment
Experiments involving optical tweezers (subsection 3.2.2) required the attachment of
beads to actin structures enabling controlled manipulations. Two different attachment
mechanisms have been used. Within the first approach beads were coated with inacti-
vated myosins permanently binding to actin. For the second approached actin filaments
were decorated with biotinylated actin enabling a binding to streptavidin coated beads.
Beads coated with inactivated myosin II
Myosin II used for bead coating was extracted from rabbit skeletal muscle and purified
according to Margossian and Lowey [Margossian and Lowey, 1982].
Similar to the actin acetone powder prep, rabbit muscles are ground and dissolved in
0.3 M potassium chloride buffer to extract myosin. Myosin extraction should not exceed
15 minutes to prevent or minimize actin dissolution. Consecutively, the solution is filtered
and the filtrate diluted in water leading to a precipitation of myosin. Centrifugation is
used to form a myosin pellet, which is resuspended in a high salt buffer. This buffer
is slowly diluted and remaining actin-myosin clusters precipitate allowing a removal by
centrifugation. Remaining myosin stays in the supernatant and starts to precipitate very
slow. Thus, the solution is allowed to settle over night and a myosin pellet forms. This
pellet is resuspended and a final centrifugation step is used to extract remaining insoluble
proteins and lipids.
Myosin is stored in a glycerol containing solution to prevent damage by freezing artifacts
and can be stored at -20◦C for up to 12 months. A detailed protocol is given in subsec-
tion A.2.1.
To allow myosins to permanently bind to actin, the unbinding event of the power stroke
cycle has to be suppressed. This unbinding involves an exchange of ADP and ATP in the
myosin head domain. By blocking this substitution by N-Ethylmaleimide (NEM) perma-
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nently myosin head domains remain their actin bound state. These inactivated myosins
can bind to actin, but unbinding events have a very low probability.
To inactivate myosin II, it was incubated for 30 minutes with NEM (see subsection A.2.2).
By adding 1,4-Dithiothreitol (DTT) the reaction is stopped and the sample is diluted with
HiS-Buffer to the desired concentration.
Polystyrene beads (Polysciences) were incubated with NEM-Myosin, a methods which has
been previously developed in our lab [Strehle et al., 2011]. These coated beads have been
effectively used to establish a permanent attachment to actin bundles allowing contact-free
manipulation with optical tweezers.
Streptavidin beads
Some experiments required the absence of any myosin motor proteins in the final sample
solution. Although myosins can be inactivated, they still have the potential to fulfill one
power stroke. Additionally, a small fraction can still be active if NEM did not attach
to the head domains. Thus, an alternative process was used to attach beads for optical
manipulations of actin structures.
The basis for these attachments is the strong binding of biotin and streptavidin. Strepta-
vidin coated beads (Polysciences) were able to bind to biotinylated structures. In the case
of actin, biotinylated monomers were available (Cytoskeleton) and were incorporated into
the polymerization process. Polymerized filaments were arranged into bundles allowing
an controlled attachment to streptavidin beads due to their biotinylated monomers at
their tips.
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3.2.1 Fluorescence microscopy techniques
Biological matter and especially proteins are almost transparent. Thus, traditional light
microscopy cannot be used to visualize these structures since the contrast would be too
low. To resolve structures formed by proteins such as actin, other techniques like fluores-
cence microscopy had to be used and refined. Fluorescent dyes were attached to according
proteins (section 3.1.1). These fluorophores absorb light at a certain wavelength and emit
light of a longer wavelength. The energy difference - due to radiationless transitions to
lower energy levels within the dye - of excitation and emission wavelengths allows to
separate these two signals. Due to this spatial separation a high contrast and reduces
background noise of resulting images is achieved.
Typical light sources are high pressure mercury lamps (HBO) since they emit a wide
spectrum of wavelengths. Filter cubes are used to sort out the appropriate, narrow
range of wavelengths to excite the fluorophores. Emitted light of fluorophores with a
larger wavelength than the excitation light passes a dichromatic mirror, which blocks all
other wavelengths including the light used for excitation. Therefore, background noise is
strongly reduced and contrast enhanced. Detailed information can be found in [Lodish
et al., 2003].
In contrast to the wide spectrum of HBO lamps, a laser with the appropriate wavelength
can be used to excite fluorophores. A confocal Laser-Scanning-Microscopy (LSM) allows
to excite only a small volume fraction enabling a scanning of the whole sample. These
observation techniques enable measurements with a low impact and disturbances to sam-
ples. Confocal imaging additionally allows the visualization of different planes within the
sample enabling a quasi three dimensional reconstruction. For presented studies the LSM
Leica TCS SP2 Setup was used.
3.2.2 Optical tweezers
Optical tweezers allow a contact free manipulation of objects relying on optical forces. The
central element of this setup is a focused laser beam able to trap microscopic particles in
three dimensions. Applied forces are typically in the range of some piconewtons. Already
in 1970 Ashkin was able to show acceleration of dielectric particles by radiation [Ashkin,
1970]. In 1986 he reported trapping of particles by a highly focused laser beam. This
technique allows the manipulation of dielectric particles on a nanometer and micrometer
scale and has become a powerful tool in various scientific fields. Additionally, they allow
fast, direct measurements by recording the deflections of a beam with a trapped particle.
Trapping effects depend on the ratio of the laser’s wavelength λ and the diameter of
the particle d. In the case of d≈λ calculating optical forces is nontrivial and requires a
solution of Maxwell’s equations with appropriate boundary conditions.
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If λ d, the incident wavefront is minimal. Thus, differences between the components
reflection, refraction, and diffraction can be neglected. In this so-called Rayleigh regime
particles can be treated as induced dipoles following electromagnetic laws. Within this
regime scattering and Lorentz forces arise. Scattering forces are induced by radiation
pressure on particles. These particles absorb photons of a directed beam and isotropically
emit photons. Isotropically emitted photons cause a net force in direction of the incident
photon flux
Fscat = nm
σ 〈S〉
c
, (3.1)
with Fscat being the scattering force, nm the refractive index of the surrounding medium,
σ the cross section of the particle, 〈S〉 the Poynting vector (time averaged), and c the
speed of light. By assuming a spherical particle the cross section is given by
σ =
8
3
pi(kr)4r2
(
n2 − 1
n2 + 2
)2
, (3.2)
with k being the wave vector, r the radius of the particle, and n the refractive index of
the particle.
Lorentz forces acting on induced dipoles:
F˜(r˜) =
1
2nm0c
α∇I(r˜). (3.3)
This so-called gradient force points to the area of highest intensity. A Gaussian beam
profile would lead to forces pointing towards the beam axis or for a focused beam to its
focus. In the case of a divergent beam particles are pushed along the propagation axis
by scattering forces. Displacements of a particle from the beam axis are compensated by
gradient forces [Harada and Asakura, 1996; Gittes and Schmidt, 1998]. Thus, a second,
opposing laser would be needed to counteract the pushing by scattering forces to effec-
tively trap a particle.
To avoid a second laser beam, one tightly focused laser beam can be employed to trap
particles. Gradient forces posses an additional component against its perpendicular com-
ponent of the Poynting vector. Pushing by scattering forces is compensated and the net
force restores a stable, three dimensional position in the focus of the beam. For λ
d, particle trapping can be explained by ray optics assuming a Gaussian beam profile
intensity. Laser rays are refracted when entering and exiting a dielectric particle causing
a directional change of the particle due to changed momentum of the light (Figure 3.1
a). This causes an equal, opposite momentum change on the particle. Since the laser
beam has a rotational symmetry a particle displacement breaks the system’s symmetry.
A restoring net force arises aiming to return the particle to the trap center (Figure 3.1
b). The symmetry is conserved if the particle is in the center of the trap. The net force
points along the axis opposite to the propagation direction of beam (Figure 3.1 c).
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According to the Rayleigh regime, scattering and gradient force are components of the
net force. In ray optics, however, these two forces originate from the same physical effect.
Rays are refracted symmetrically canceling out lateral forces if a particle is in the center
of the trap and symmetry is conserved. The net force points anti-parallel to the beam
propagation direction and scattering forces are canceled out [van de Hulst, H. C., 1982].
Thus, a particle can be stably trapped in three dimensions slightly above the beam waist
(Figure 3.1 c).
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Figure 3.1: (a) Refracted light causes a momentum change and optical forces. (b) A restoring
net force arises if a dielectric particle is off-centered in a Gaussian laser beam returning the
particle to the trap center (c). Gradient and scattering forces cancel out and the particle is
three dimensionally trapped slightly above the beam waist. These figures were inspired by
[Kimuraab and Bianco, 2006].
3.2.3 SDS-PAGE
SDS-polyacrylamide gel electrophoresis is a biochemical standard method to sort proteins
by size [Alberts, 2002]. This technique was used to verify the purity of actin solutions used
for experiments. The purity of the solution is of fundamental importance since additional
components would alter actin characteristics. Before the sorting starts proteins within
solution are denatured to inhibit specific interactions with the gel itself. Denaturation is
achieved by treatment with β-mercaptoethanol or sodium dodecyl sulfate (SDS) breaking
disulfide bonds. Proteins loose their native structure and are coated with negative charges
suppressing their intrinsic charge. In that course all proteins in solution carry the same
effective charge allowing sorting by their molecular weights.
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Protein mixtures migrate through a cross-linked polyacrylamide gel driven by an external
electric field. Since these proteins are equally charged after preparation their mobility
solely depends on their size and the mesh size of the gel (Figure 3.2). Large proteins
move slower through the gel and proteins of same length form a band within the gel.
These bands can be visualized by dyes allowing a comparison to reference mixtures with
known molecular weights [Lodish et al., 2003].
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Figure 3.2: Scheme of the principle of SDS-PAGE. Proteins within solution carry the same
effective charge. Due to an external electric field proteins migrate through the porous gel and
are sorted by size. Figure inspired by [Lodish et al., 2003].
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3.3.1 Optical tweezers setup
Single bundle experiments required a setup combining the possibility to manipulate and
to observe actin structures. Manipulations were achieved by a self-constructed optical
tweezers setup allowing controlled measurements on a micrometer scale.
A former optical tweezers setup [Ehrlicher et al., 2002; Stuhrmann et al., 2005] was
adapted to meet the specifications needed for the presented project. In the course of
the differing experiments two different lasers were applied. The first laser configuration
involved a Coherent Verdi-V10 10 W diode driven Nd:YVO4 ring laser (λ = 532nm) to
power a Coherent 890 Titanium:Sapphire crystal CW laser (λ = 800nm). This config-
uration was used for the experiments described in section 3.5. Due to degradation and
instabilities of this setup the laser was substituted by a Manlight ML3-CW-P-OEM-OTS
fiber laser (λ = 1064nm), which was used for experiments described in section 3.4. To
allow precise manipulations symmetrical beads were attached to bundled structures as
described in subsection 3.1.2.
Two acousto- optical deflectors (AOD’s) were used to deflect the laser in x- as well as
y-direction. Trapped particles were moved and measured with high precision. AOD’s in-
volve vibrating crystals interacting with the laser light. These vibrations/phonons depend
on an applied electric field and the according frequency. Interactions with laser photons
cause a lateral shift of the beam. By frequency changes of the crystal’s vibrations and
the phonons, this shift can be adjusted allowing a controlled deflection of the beam in x-
and y-direction.
To observe according experiments the optical tweezers setup was mounted on an epi-
fluorescence Leica DM IRB microscope equipped with a 100 x oil-immersion objective
(Leica 11506168). Beads and actin structures were fluorescently labeled. Fluorescence
was induced by a mercury vapor lamp and a N2.1 filter cube transmitting only the appro-
priate green light (Leica 11513882, excitation filter from 515 to 560 nm) on the sample.
In this spectrum actin as well as beads were visualized. Image acquisitions were realized
by a Hamamatsu Orca ER digital CCD camera (Hamamatsu Photonics).
Either a motorized x- and y- stage (Leica DM STC) or a piezo controlled stage (Piezosys-
temJena d-Drive) were mounted to the microscope enabling precise deflections of the sam-
ple.
All components of the setup were controlled and integrated by a self-written LabVIEW
(National Instruments) program. Bead tracking algorithms were used to transform im-
age series to trajectories. These algorithms were adapted MATLAB routines provided
by [Pelletier et al., 2003]. Following data evaluations were conducted with self-written
MATLAB scripts as described previously in [Golde et al., 2013].
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Figure 3.3: Scheme of the optical tweezers setup. A laser emits coherent light, which can be
shifted in x- and y-direction by acousto- optical deflectors (AOD’s). Subsequently, the laser is
coupled into the optical path of the microscope by a dichroic mirror (D). The laser beam (red)
and the fluorescence inducing light (green - selected by a filter cube (F) from white light) are
focused by a 100x oil immersion objective (O) into the sample (S). A second objective is used as
a condenser (C)and laser light is transmitted through a filter (F2). Position signals are recorded
by a quadrant photo diode (QPD). Emitted fluorescent light (light red) is observed with a CCD
camera. Basic version courtesy of Carsten Schuldt.
To test the stiffness of the used optical trap, the power spectral density was recorded
and evaluated according to the method described by Tolic´-Nørrelykke et al. [Tolic´-
Nørrelykke et al., 2006]. The presented measurement yields a typical trap stiffness of
κex = 0.02 pN/nm with a corner frequency of fc ∼= 10 Hz. However, acquired data are
noisy due to severe interferences of electronic components (Figure 3.4). Thus, further
force calibrations are rather insufficient rendering direct force measurements via the opti-
cal trap itself hardly accessible. The average force regime of the trap, however, is sufficient
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to manipulate actin bundles on the mesoscopic scale and to overcome force induced by
depletion forces.
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Figure 3.4: The recorded power spectral density can be used to analyze the stiffness of the
optical trap. Data, however, is noisy due to interferences with electronic components rendering
controlled force measurements via optical tweezers inaccurate.
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3.4 Probing bundle contractility by optical tweezers
3.4.1 Preparation
Actin was polymerized by addition of 100 mM KCl. Concentrations of according buffers
and stock solutions can be found in subsection A.1.1. Additionally, rhodamine-phalloidin
(Sigma-Aldrich) was added to label actin filaments. Polymerization times of at least
60 minutes ensured integration of dye molecules. The concentration of actin filaments
in solution was always adjusted to 5 µM. After the polymerization process, 5 µM bi-
otinylated actin monomers were added. These monomers polymerize to the plus ends
decorating filaments. This sample solution can be used for up to three days.
Actin bundles were formed by depletion forces induced by methyl cellulose. To suppress
bleaching effects an anti-bleaching agent (mixtures of glucose, glucose-oxidase and accord-
ing buffer to prevent oxidation of fluorescent) was added to the final sample solution. To
allow controlled manipulations of actin bundles, fluorescence, streptavidin coated beads
of 2 µm diameter were added to the solution and attached to the biotinylated ends of
bundles. These preparation were done on a daily basis. The influence of induced fluores-
cence as reported by Golde et al. has been tested and has shown to have no effect for
these experiments [Golde et al., 2013].
To observe bundles in the final mixture with the setup described in section 3.3, two glass
slides were used to form a closed chamber as described in [Strehle et al., 2011]. One slide
of 22 mm × 22 mm was lubricated at its four edges with silicon grease to seal the chamber
in the final step. A drop of approximately 10 µl of the sample solution was deposited in
the middle. A second slide of 24 mm × 50 mm was used to seal the chamber. According
sides of the glass slides in contact with solution were passivated with Sigmacote (Sigma-
Aldrich).
According protocols can be found in subsection A.3.2.
3.4.2 Bundle contraction experiments
We used two different experimental approaches. A dual-trap configuration was used to
deflect one bead while the other bead was held at a constant position. This pulling pro-
cess yielded a stretched bundle exceeding its former contour length. After releasing the
deflected bead from the trap, the bundle started to contract. This process was recorded
as an image series of the fluorescent signals (Figure 3.5 (a) & (b)).
Alternatively, an arrangement of only one bead attached to a bundle was employed. By
displacing the bead, the bundle was dragged through the solution. Resulting viscous fric-
tion elongated the bundle. Immediately after the movement was stopped bundles started
to contract and fluorescent signals were recorded. Contractions in a one bead configura-
tion are faster and thus more appropriate for multiple contraction experiments. A second
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bead occupies free filament ends inhibiting contributions to stretching and contraction
processes.
To evaluate these experiments, a kymograph (picture series joined in one image) was used
to visualize the bundle length over time. Standard edge detections routines of MATLAB
were employed to extract the bundle length at given times (Figure 3.5 (c) & (d)) [Schnauß
et al., 2015].
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Figure 3.5: (a) Schematic experimental procedure of a two bead configuration. Optical tweezers
are used to stretch bundles exceeding normal elastic deformations. After releasing one bead from
the trap the bundle starts to contract. In a stretched bundle, the overlap of excluded volumes is
not maximized anymore. When the pulling force is switched off, filaments tend to maximize this
overlap again and contractions appear (magnification). A bead tracking algorithm was used to
transform recorded image series to bead trajectories giving the bundle length between these two
beads over time. (b) Image series of a contractile bundle. After the pulling process the right
bead was released and the bundle relaxed to a position maximizing the overlap of the excluded
volumes again. (c) Schematic experimental procedure of a one bead configuration. The bead
can be trapped and moved through the viscous solution stretching the bundle due to friction.
When the movement is stopped, the bundle starts to contract. (d) First frame of the picture
series and kymograph of a contractile actin bundle attached to one bead with detected bundle
length over time. [Schnauß et al., 2015]
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3.5 Probing responses of deformed F-actin bundles
3.5.1 Preparation
Actin was polymerized by addition of 100 mM KCl. Concentrations of according buffers
and stock solutions can be found in subsection A.1.1. Additionally, rhodamine-phalloidin
(Sigma-Aldrich) was added to label actin filaments. Polymerization times of at least
60 minutes ensured integration of dye molecules. The concentration of actin filaments
in solution was always adjusted to 5 µM. According protocols can be found in subsec-
tion A.3.3. Beads were coated with NEM-myosin II as described previously in subsec-
tion 3.1.2 by over night incubation in a solution of HiS-buffer and NEM-myosin II. In-
activated myosin attaches to actin filaments allowing a binding to beads [Strehle et al.,
2011]. Repeated centrifuge and washing steps ensured that no free myosins remained in
solution. Once prepared these solutions were used for up to three days.
To probe actin bundles with and without cross-linkers two slightly different preparations
were used. Both protocols employed depletion forces induced by methyl cellulose to bundle
labeled actin filaments. To suppress bleaching effects an anti-bleaching agent (mixtures
of glucose, glucose-oxidase and according buffer to prevent oxidation of fluorescent) was
added to the final sample solution. These preparations were done on a daily basis.
To allow controlled manipulations of actin bundles, NEM-myosin II coated beads of two
different sizes were used. Non-fluorescent beads with a diameter of 6 µm acted as an-
chorage points as well as spacers between the glass slides. Fluorescence beads of 2 µm
diameter were attached to the other end of the bundle. Since the sample chamber was
adjusted to a height of 6 µm, smaller beads were confined to a quasi two dimensional
movement, but were still free to move.
α-actinin is known to form both cross-linked networks as well as bundles. To yield single
bundles without network structures as a side effect, bundling was initiated by inducing
depletion forces with methyl cellulose (MC). After a waiting period of at least 30 min-
utes α-actinin was added to cross-link bundled filaments. After another waiting period of
30 minutes the solutions was diluted well below the bundling threshold of the depletion
agent. Thus, bundles in solution were only stabilized by the cross-linking protein.
For uncross-linked bundles, labeled actin filaments were mixed with an anti-bleaching
agent and methyl cellulose as a crowding agent. A waiting period of 30 minutes ensured
a bundling of all single filaments. To observe bundles in the final mixture with the setup
described in section 3.3, two glass slides were used to form a closed chamber as described
in [Strehle et al., 2011]. One slide of 22 mm × 22 mm was lubricated at its four edges
with silicon grease to seal the chamber in the final step. A drop of approximately 10µl of
the sample solution was deposited in the middle. A second slide of 24 mm × 50 mm was
used to seal the chamber. According sides of the glass slides in contact with solution were
passivated with Sigmacote (Sigma-Aldrich). As mentioned above, due to 6 µm beads in
the sample the height throughout the sample was adjusted to 6 µm.
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3.5.2 Bundle deformation experiments
After chamber assembly light exposure had to be minimized to prevent bleaching. The
sample was placed on a motorized stage and either excited by blue or green light. A
freely moving 2 µm bead was trapped by optical tweezers and moved to a bundle already
fixed to a large bead. The small bead was attached via NEM-myosin II - actin bonds
enabling a controlled manipulation of the bundle via optical tweezers. To gain compara-
ble experimental results for differing bundles, various parameters were determined. The
attachment point of the immobilized 6 µm beads and the center of the freely moving
2 µm were marked by the experimenter. This input allowed to define the nominal bundle
contour (red line in Figure 3.6 a).
12 µm
AP
θ
a b
Figure 3.6: Actin bundles were deformed in a curved state defined by parameters introduced
by the experimenter. (a) Three parameters had to be defined by the user: the center of the
small trapped bead, the attachment point of bundle and large bead (AP), and the bending
angle θ. These parameters allowed a determination of the nominal bundle contour (red line).
(b) The deformation was done as a subcircular arc (dashed line) to avoid stretching. A circular
arc (faded colors) would induce a strain at the attachment point with the larger bead [Strehle
et al., 2011].
Radii of curvature were calculated with the predefined bending angle and bundle length.
The radius of curvature was determined by R = L
2θ
, where R is the radius of the circle
described by the bent bundle. A radius range of 2 - 5 µm was used to induce significant
deformations without jeopardizing the bundle’s integrity [Strehle et al., 2011]. Figure 3.7
displays a deformation experiment and observed relaxation (in this case a full relaxation).
This method enabled observations of different kinds of actin bundles (with or without
cross-linkers). Their responses to mechanical stresses was tested on different time scales
and bending angles. Additionally, successive bends on the same time scale were probed
as well as responses to deformations in both directions.
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Figure 3.7: (a) A 2 µm bead was trapped by optical tweezers allowing mechanical deformations
of an actin bundle. (b) After the deformation the bundle was held in its bent configuration on
different time scales. (c) By switching off the trapping laser the external stress was released and
bundles started to relax. Pictures taken from [Strehle et al., 2011]
.
3.6 Assembly of actin asters
3.6.1 Preparation
Actin monomers were labeled with rhodamine according to [Isambert et al., 1995] in a
separate preparation before polymerization as described in subsection A.1.6 and subsec-
tion A.3.1. Labeled and unlabeled monomers were mixed before polymerization. De-
pending on the chosen setup, the actin concentration was typically adjusted to 5 µM (for
evaporation experiments) or 20 µM (for non-evaporation experiments).
For evaporation experiments the concentration of the depletion agent was adjusted below
the bundling threshold of actin. Other setups required a depletant concentration above
the actin bundling threshold.
Presented setups allowed to increase ingredient concentrations without inducing any flows
or allowed to induce flows in a controllable fashion.
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3.6.2 Aster formation experiments
To form actin asters a variety of setups can be employed. The first type of setups are the
so-called gradient setups (Figure 3.8 (a) - (c)). Actin solution and crowding agent solution
are placed on a 24 mm × 50 mm passivated glass slide (Sigmacote - Sigma-Aldrich). The
two solutions are in contact and components can diffuse into the other solution. Samples
chambers can be sealed either by a passivated 22 mm × 22 mm glass slide lubricated at
its four edges with silicon grease or a thick oil layer inhibiting evaporation. Diffusion can
be additionally adjusted by a porous diffusion barrier (e.g. agar gel). Due to the arising
gradients all concentration ratios can be found including regimes where aster formation
appears.
Actin 
medium
Bundling
agent
Oil
Oil
(Micro-)pipette
Passivated
glass slide
Sample with 
bundling 
agent
Actin 
medium
Bundling
agent
a b
Actin 
medium
Bundling
agent
Diffusion barrier
dc
Figure 3.8: (a) - (c) Gradient setups: at the beginning solutions containing bundling agent and
actin, accordingly, are locally separated. These two solutions start to diffuse forming a gradient
with varying concentration ratios establishing just the right conditions at certain regions to
form regular aster patterns. (d) Macroscopic evaporation setup: the aqueous actin medium
can slowly evaporate through the oil layer, thus slowly increasing the concentration of the
ingredients. Eventually the ingredients reach the bundling threshold of actin filaments and the
system undergoes a sharp transition from an isotropic state to regular asters.
The second type of setups are based on controlled evaporation of the sample solution (Fig-
ure 3.8 (d) and Figure 3.9). Samples are placed on a 24 mm × 50 mm passivated glass
slide. At start the depletant concentration is below the bundling threshold of actin. The
sample solution is covered by a thick oil layer (e.g. silicone oil or hexadecane) inhibiting
any evaporation. In this state actin within the solution can re-establish an isotropic order
and any pre-ordering due to pipetting is dissolved.
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Figure 3.9: (a) A passivated glass slide is covered with oil. (b) Using a micro-pipette, G-actin
droplets are placed on the glass slide. After reaching steady state conditions (c), the oil height
is decreased and water of the actin solution evaporates through the oil layer (d). When the
crowding agent reaches the bundling threshold of actin filaments, networks of actin bundles
appear within minutes arranging in aster structures. (e) The droplet volume can be monitored
by confocal LSM allowing the determination of according concentrations of the ingredients and
to evaluate threshold concentrations.
After one hour the oil height is decreased to a point where the top of the sample droplet
is covered by a minimal oil layer. Through this layer water of the sample solution evap-
orates in a slow, controllable fashion without inducing any flows conserving the isotropic
order. Water evaporation yields a concentration increase of all ingredients in the sample
solution. After some time the depletant concentration reaches the bundling threshold of
actin filaments. At this point a sharp transition from an isotropic to an ordered state can
be observed an asters form.
To induce an isotropic arrangement from the beginning, buffer conditions can be chosen to
be below the polymerization threshold of actin filaments. Due to evaporation salt concen-
trations are increased and actin monomers start to polymerize forming an undisturbed,
isotropic network.
Due to fluorescent labeling these structures can be observed with fluorescence microscopy
techniques. In the case of micro-droplets the entire structure can be visualized by confo-
cal LSM. These droplets can be scanned stack by stack allowing measurements of their
volume and thus determining according concentrations as well as threshold configuration.
Micro-droplets form structures with defined confinements while larger droplets resemble
bulk behavior with almost no confinement effects.
Chapter 4
Results
4.1 Contractile actin bundles without molecular mo-
tors
Interactions of actin and its molecular motor myosin are known as the fundamental process
for biological force generation [Huber et al., 2013]. These interactions convert chemical
energy into mechanical work by ATP hydrolysis (section 2.4) and are of fundamental
importance for cellular systems. This dogma of molecular motors being the basis of all
contractile forces has never been disapproved. The presented study focuses on a force
generation mechanism in the absence of molecular motors or any other actin accessory
proteins. The system is not driven by ATP hydrolysis and solely relies on minimization
of free energy based on filament-filament interactions induced by a crowded environment.
Interactions are induced by a crowded environment in a regime well below the macromolec-
ular content of cells. Filament pairs interacting via depletion forces have been reported
in theoretical as well as experimental studies to exert a constant, contractile force (sec-
tion 2.1). However, I am able to show that multiples of these filament pairs add up their
force contributions leading to an inherently different dynamic behavior. Forces are found
to decay exponentially with time, which can be explained by a mathematical model and
verified by simulations. These dynamics can be described as an emergent phenomenon of
multiple, additive, pair-wise interaction of rod-like particles.
Measured maximal contraction velocities range from 0.10 to 0.65 µm/s resulting in a typ-
ical maximal force regime of 0.5 - 3.0 pN. Dynamics and forces of this non-dissipative
process correspond to an active behavior of single myosin motors (section 2.4).
As a first step I verified the purity of actin used for the experiments. SDS - Polyacrylamide
gel electrophoresis (PAGE) was chosen to demonstrate that actin is the only protein within
the sample solution. Thus, I was able to show that no cross-linkers or myosin motors were
involved in the experiments.
Columns to the right and the left of the figure represent marker proteins of a known size
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Figure 4.1: SDS-PAGE was used to
verify the purity of actin and the ab-
sence of any accessory proteins. Es-
pecially the absence of myosin mo-
tors ensures that no active processes
are involved in the bundle contrac-
tion [Schnauß et al., 2015].
Reference Reference
Sample
solution
40 kDa 40 kDa
70 kDa 70 kDa
260 kDa 260 kDa
allowing sorting of proteins. The broad band in the middle represents actin monomers
used in the experiments. The estimated size of the protein matches the literature value of
42 kDa for actin monomers [Lodish et al., 2003]. The broad peak is caused by overloading
the according pocket with the sample solution, which is necessary to illustrate that even
tiny amounts of other proteins are absent.
Experimental setups and procedures are described in section 4.1 either in a one or two
bead configuration.
4.1.1 Dynamics of contractile actin bundle without accessory
proteins
These methods are suitable to investigate dynamics of the system and enable comparisons
to active, motor-based systems. To measure absolute force values, different techniques
have to be applied like in [Hilitski et al., 2015], but these methods hardly allow evaluations
of dynamics. Additionally, multi-filament systems involve a variety of parameters (such
as molecular content, bundle thickness, filament length distributions and more) yielding
diverse starting conditions for every experiment.
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Figure 4.2: Contraction of a bundle in the two bead configuration. (a) Recorded bundle lengths
over time can be well described by an exponential decay function. This fitting function can be
differentiated allowing an evaluation of the contraction velocity (red graph). (b) According
decay times of various contraction events of differing bundles are consistent with a median of
3.4 s [Schnauß et al., 2015].
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Responses of bundles under stress were tested and strains exceeding normal elastic defor-
mations (up to 175% of the initial contour length) were recorded. Due to actin’s rigidity
these elongations can neither be attributed to thermal fluctuations of single filaments
nor stretching of the filament backbone. Thus, within the pulling process filaments were
pulled apart and overlapping excluded volumes of filaments were not maximized anymore.
After the deflecting laser was switched off, bundles started to contract. If any cross-linking
proteins would have been present, any sliding motions within actin bundles would have
been frozen.
The absence of accessory proteins was first verified by SDS-PAGE (Figure 4.1). This
method, however, is not sensitive enough to detect a few myosin motors within solution.
To ensure a complete independence of myosins motors, the persistence of the effect was
verified under ADP conditions rendering active processes infeasible.
The decreasing bundle length over time is well described by an exponential decay of
the maximal force with time (Figure 4.2 (a)). Resulting exponential decay functions
(bundle length(t) = a·exp(−t/τ) + c) yield a distribution of decay times τ showing the
consistency of the effect with a median of 3.4 s (Figure 4.2 (b)) [Schnauß et al., 2015].
To fit these data within a confidence interval of 95%, implemented standard MATLAB
functions were employed.
4.1.2 Modeling approach and verification by simulation
Attractive filaments tend to a stable ground state given by a minimum of the free energy.
To model results of the experiments the aforementioned pairwise additive, constant, linear
force contributions (Figure 4.3) have been chosen. This idealization, however, neglects
influences such as filament end dynamics or additional lateral attraction, but resembles
some properties of the dynamical behavior. Within the model, work done by the external
force f is
V = −f(R− L) = −f
N∑
i=1
xi, (4.1)
which favors an increasing relative shift xi of the filaments. The adhesive energy Had
favors parallel alignment and is given by
Had = −u
∑
i
(L− |xi|), (4.2)
with u representing the adhesion energy per unit length introduced via the depletion ef-
fect. Note, that depletion here is idealized as a simple two-body interaction, which may
not be true, in general [Schnauß et al., 2015].
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Figure 4.3: (a) Schematic of idealized 2d-scenario, where forces are applied at the first (i = 1)
and at the last filament (i = N). (b) Free energy FN(R) vs. extension R-L. A two-filament bundle
(N = 2) has a linear energy landscape, but with only a few filaments (N = 4) the asymptotic,
harmonic form (dashed) is nearly reached [Schnauß et al., 2015].
The work done by the external force and the adhesive energy yield the partition function
Z =
∏
i
L∫
−L
dxie
−β(−u(L−|xi|)−fxi)
= eβuLN
 L∫
−L
dxe−βu|x|+βfx
N,
(4.3)
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which can be evaluated numerically. From the free energy F = −kBT logZ the end-to-end
distance can be calculated by
〈R− L〉 = −∂F/∂f
→ f N 〈x
2〉
kBT
,
(4.4)
where the latter relation is the linear response obtained by expanding the integrals to
linear order in the force f. The value 〈x2〉 then represents fluctuations of a single filament
pair in the absence of force.
As a result we find the force to be proportional to the extension with a spring constant
k = kBT/N 〈x2〉. 〈
x2
〉
=
∫ L
−L dxx
2e−β(−u(L−|x|))∫ L
−L dxe
−β(−u(L−|x|))
→ 2
(βu)2
,
(4.5)
where the latter limit corresponds to long filaments L→∞. Thus, the spring constant is
given by k = u2/NkBT.
The free energy of this model as a function of the end-to-end distance R can be seen in
Fig. 4.3 (b). Interestingly, the asymptotic form is quickly reached already with a few
filaments in the bundle. Thus, a combination of several linear force pairs in an additive
manner yields a relation describing a harmonic potential. This transition can be shown
by simulations as well, where the depletant is modeled via explicitly via soft spheres,
filaments as rigid rods, and excluded volume by WCA interactions.
The analytical model describes the free energy of the system as a function of the end-to-
end distance R quickly reaching an asymptotic form already for a few filaments.
We are able to confirm this behavior by simulations, where the depletant is modeled
explicitly via soft spheres, filaments as rigid rods, and excluded volume effects via shifted
and truncated Lennard-Jones interactions for filament-filament and filament-depletant
pairs. The ratio between filament and depletant diameter is five.
In Figure 4.4 the probability distribution for the offset between first and last filament
in the bundle (f = 0) is shown. For an N = 2 bundle an exponential distribution arises
as given by the Boltzmann weight, ∼ exp(-βu|x|). Upon addition of more filaments to
the bundle a cross-over to a Gaussian distribution can be observed. This distribution
corresponds to a harmonic energy profile [Schnauß et al., 2015].
Distributions of more filaments (e.g. N = 4, 6) can be well described by Gaussian fits,
in particular for small offsets. Furthermore, the fit for N = 6 resembles also the behavior
for larger offsets. The relative width for the two cases σ6/σ4 ≈
√
6/4 is as expected from
the N-dependence of the spring constant k ∼ 1/N. These findings verify the mathematical
model described above.
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Figure 4.4: Probability distributions P(R) for the extensions (end-to-end distance) of bundles
of N = 2, 4, 6 filaments are displayed. Points are direct results of the simulation and lines are
corresponding fits. For a bundle of two filaments the probability distribution follows an expo-
nential distribution as given by the Boltzmann weight. Probability distributions of a bundle
with more filaments follow a Gaussian distribution. This transition is illustrated by simulat-
ing N = 2, 4, 6 filament bundles. Already bundles formed by six filaments yield a Gaussian
probability distribution corresponding to a harmonic potential [Schnauß et al., 2015].
Thus, attractive filament - filament interactions in the system are described by an over-
damped harmonic oscillator. Resulting exponential decay functions (bundle length(t) =
a·exp(-t/τ) + c) are well suited to describe contraction processes. The Gaussian dis-
tribution of decay times τ yields a mean value of 3.5 ± 0.2 s (Figure 4.2). Presented
experiments only account for positive decay times since a bundle cannot be compressed
in a similar experimental fashion due to filament buckling. Model and simulations were
developed in collaboration with Dr. Claus Heussinger.
The mathematical approach explains the spring-like elastic behavior of the bundle under
elongation predicting a spring constant k = c·u2/NkBT. The prefactor c ∝ N3d/N can be
estimated to depend on the number of filament pairs N in the two-dimensional bundle
element (Figure 4.3) and the number N3d of these elements that are coupled in parallel.
The precise value of c depends on the internal bundle structure and may vary with the
experimental situation. With c = O(1) and, we are able to estimate a spring constant by
using filament-filament interaction energies of 30kBT/µm as measured previously [Streich-
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fuss et al., 2011]. The resulting k = 3.6 pN/µm is in good agreement with the magnitudes
of our data. We were not able to quantitatively compare this theoretical approach to our
data any further due to experimental uncertainties. Unfortunately, there is no technique
known to us to determine the exact amount of filaments within the bundle in situ and
values can be only estimated roughly [Strehle et al., 2011]. Furthermore, packing effects
within the bundle cannot be resolved, which would be essential to extend our model from
a simple two-dimensional arrangement to fully three dimensional structures and to deter-
mine N3d [Schnauß et al., 2015].
4.1.3 Extended dynamics of contractile actin bundles
In three cases additional accelerating events were observed in contraction processes. These
accelerations cannot be described by a single exponential decay. However, contractions
can be well described by a series of exponential decay functions with consistent decay
times (Figure 4.5).
This behavior can be attributed to split bundle structures (white arrow in Figure 4.5).
A part of the bundle with originally overlapping filaments was fully detached during the
10 20 30 40 50 60 70
19
20
21
22
23
24
25
Time (s)
B
u
n
d
le
 l
en
g
th
 (
µ
m
)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
v
e
lo
c
it
y
 (
µ
m
/s
)
Figure 4.5: Contracting bundles can show multiple contraction events. The overall contraction
cannot be described by a single exponential decay but by a series of exponential decay functions
with consistent decay times. The black curve displays the bundle contraction overlaid with
according single exponential decay functions. The red graph is the according velocity for the
contractions and accelerating events [Schnauß et al., 2015].
4.1 Contractile actin bundles without molecular motors 57
stretching process. However, filaments in the main bundle still shared excluded volumes to
cause contractions lacking the contribution of the detached bundle part. Their formerly
attractive potential was not involved in the cumulative energy balance of the starting
contraction.
At a certain point these non-overlapping filaments came close enough to share excluded
volumes with the already contracting bundle. New overlaps changed the attractive po-
tential and accordingly the energy balance. Thus, a second or third additional internal
contraction process set in and the overall contraction was accelerated again (Figure 4.5).
In the frame of the model, the addition of new filaments to the bundle would soften the
entire structure affecting according decay times. Our data, however, have shown con-
sistent decay times for the contraction events. Hence, these arising dynamics cannot be
described by additive, linear force contributions [Schnauß et al., 2015].
To observe the influence of the contraction process to the bundle itself, the bundle thick-
ness over time was monitored (Figure 4.6). Overlapping filaments drive bundles to a
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Figure 4.6: The bundle thickness has no detectable scaling behavior within the limits of the
measurements. In course of a contraction process (red dots) a thickening of the contracting
bundle (blue dots) can be observed (inset) [Schnauß et al., 2015].
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shorter configuration and bundle become thicker during contraction. Bundle widths were
evaluated via a Radon transform along the bundle backbone similar to methods described
in [Zhang and Couloigner, 2007]. Analysis yields a an intensity profile along the bundle
with a characteristic intensity peak. The full width at half maximum of the intensity
profiles was chosen to compare thicknesses of different bundles.
Although an influence of the overall bundle thickness to exerted forces and kinetics during
the contraction can be expected, I found no scaling behavior within the limits of these
measurements (Figure 4.6).
According influences might be hidden by unavoidable viscosity variations for differing
experiments. These variations correspond to different macromolecular contents of the
depletion agent influencing the contraction process. A higher macromolecular content
inherently slows down contractions due to higher friction forces (Figure 4.7). For these
investigations viscosity was measured by optical tweezers as described in [Tolic´-Nørrelykke
et al., 2006] with a bead in vicinity to the bundle.
Although bundles contract slower with higher viscosity due to friction, a higher viscos-
ity is accompanied by a larger macromolecular content. Accordingly, a larger amount of
crowding molecules induce higher depletion forces, which should strengthen contractile
forces. In the model, these stronger forces would imply a larger adhesion energy per unit
length u. This effect, however, cannot be resolved with the measured data [Schnauß et al.,
2015].
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Figure 4.7: With an increasing molecular content of the depletion agent an increase of decay
times was observed. Thus, a more viscous medium yields a slower bundle contraction due to
higher friction [Schnauß et al., 2015].
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4.1.4 Decay of contractile behavior
We investigated actin bundles either attached to one or two beads. For the case of two
beads, bead tracking algorithms were used to evaluate the bundle length over time. These
algorithms cannot be used if only one bead is attached to a bundle. For evaluations of
experiments with only one bead attached a kymograph was used to visualize the bundle
length over time.
A kymograph is a picture series joined in one image. Each frame of the series is summed
up along the y-axis into a one dimensional pixel row. These pixel rows are merged in
chronological order (x-axis represents the bundle length, y-axis the time) to visualize the
bundle length over time. Standard edge detections routines of MATLAB can be employed
to extract the bundle length at given times, which can be fitted by standard MATLAB
functions (Figure 4.8).
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Figure 4.8: Picture series of a one bead experiment are evaluated in form of kymograph and
edge detection algorithms showing the typical exponential decay [Schnauß et al., 2015].
Contractions in a one bead configuration are faster. Friction acting solely on the bundle
is lower than friction acting on a bundle pulling an additional bead.
A second bead can occupy free filament ends inhibiting contributions to stretching and
contraction processes. Thus, experiments in the one bead configuration are more appro-
priate to probe a bundle multiple times since bleaching effects cannot be fully suppressed
[Schnauß et al., 2015].
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Multiple contraction experiments revealed a degenerating effect after consecutive expan-
sions and contractions (Figure 4.9).
Later contractions display lower maximal velocities and reach a higher baseline repre-
senting an increased relaxed bundle length. This behavior can be attributed to potential
filament annealing (two filaments concatenate) yielding a change in the energy balance
[Andrianantoandro et al., 2001]. For further contractions these merged filaments would
have to buckle and thus hinder the overall contraction process [Schnauß et al., 2015].
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Figure 4.9: To test a bundle’s behavior for multiple elongation and contraction events, the
one bead configuration was preferred. If only one bead is attached to a bundle, contractions are
faster since a second bead would occupy free filament ends and additional friction forces would
apply. Contractions show a decaying behavior when one bundle is deformed multiple times
consecutively. Dynamical behavior becomes slower with every expansion and contraction event
and the bundle relaxes to other baselines. Numbers refer to the specific contraction process.
Contractions are normalized by maximum stretched configuration [Schnauß et al., 2015].
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4.1.5 Force and velocity regimes
Presented results are a direct consequence of the dynamic behavior of actin bundles. The
contractile processes, however, can be evaluated as a force generating mechanism as well.
We used 1.6% methyl cellulose in the final sample (400 cP in regard to 2% in water at
20◦C - Sigma-Aldrich) as a crowding agent to form and investigate actin bundles. To
further approximate forces exerted to contract bundles, the viscosity of the medium was
measured. With the known viscosity Stokes’ law (F = 6piηrv) was employed for the two
bead configuration, where one bead is trapped and the other is moving due to the con-
traction process.
Microrheological methods were employed to measure the time dependence of the mean-
squared-displacement (MSD). The time dependent MSD is related to the diffusion co-
efficient D by: <MSD> = 2·d·D·t, with d being the number of dimensions. Thus, the
diffusion coefficient was determined, which is inversely proportional to the viscosity: D =
kBT/6piηr. Measurements yielded a viscosity of η = 0.24 ±0.03 Pa·s (Figure 4.10 (inset)).
According to Sigma-Aldrich the viscosity of methyl cellulose can range from 300 to 560 cP
(2% in water at 20◦C). A deviation of 30 - 40% can be assumed for viscosity variations
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Figure 4.10: Velocities and forces of 26 contractions (two bead configuration). Maximal veloc-
ities and forces in their according binning intervals were summed up yielding a typical maximal
force range from 0.5 to 3.0 pN [Schnauß et al., 2015].
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from sample to sample. This variance enters linearly into calculated forces and could
not be reduced by other methods. Therefore, approximated maximal forces are presented
typically ranging from 0.5 to 3.0 pN.
The recorded bundle length over time can be fitted to an exponential decay function
enabling analytic differentiation. Thus, maximal velocities of the contractions were de-
termined typically ranging from 0.10 to 0.65 µm/s.
Maximal forces occurring in contraction processes spread in the range from 0.5 to 3.0 pN.
As mentioned previously, viscosity variations linearly enter into calculated forces. Addi-
tionally, a spreading of maximal forces is evident since bundles are very heterogeneous
structures and uniform starting conditions are not feasible.
Due to the exponential length decay, generated forces converge to zero when bundles are
fully contracted. In all experiments decaying forces become small and approach the ther-
mal noise regime. Forces due to thermal noise, however, are not directed. Contractile
forces in our experiments are directed and thus bundles still relax even in this low force
regime until reaching their equilibrium state.
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4.2 Time dependent responses of actin bundles against
deformations
The worm-like bundle theory already focus on mechanical properties of actin bundles. The
theory states that mechanical properties highly depend cross-linkers and their according
properties. Presented results focus on the influence of cross-linkers on bundle behavior.
In that course bundles with and without cross-linkers are compared.
According preparations and experimental methods are described in section 3.5.
α-actinin was used to form cross-linked actin bundles. Bundles were preformed by induc-
ing depletion forces to form single bundles and to suppress network formation. Afterwards.
the cross-linking protein was added attaching to bundled structures and subsequently the
solution was diluted below the bundling threshold of the crowding agent. Thus, the bun-
dles were solely hold together by cross-linker α-actinin and no network side-structures
appeared. Bundles formed without preformation via depletion forces did not allowed con-
trolled measurements [Strehle et al., 2011].
These cross-linked bundles were compared to bundles formed by depletion forces without
any accessory proteins. According to the WLB model these two bundle types should
respond differently to external stress. However, an important parameter within the WLB
is the bundle thickness and accordingly the filament number. These parameters could
not be determined sufficiently with methods such as atomic force microscopy (AFM) or
fluorescence intensity profiles [Strehle et al., 2011]. Thus, presented results are semi-
quantitative, but still interesting properties of cross-linked actin bundles.
4.2.1 Responses of α-actinin cross-linked bundles to external
stress.
Time depending responses of α-actinin bundles were probed with holding times of 5 s and
1000 s to observe clear differences in the bundles response.
The experimental procedure is shown in Figure 4.11. Throughout the experiment several
tests assured that the bundle remained intact while probed and no other attachments
took place. From the undeformed state (Figure 4.11 (a)) the bundle was deformed by
displacing the trapped 2 µm bead. Trap and bead were displaced along an arc inducing
a bent bundle deformation (Figure 4.11 (b)). The bundle was held at this deformed con-
figuration for 5 s and fully relaxed after stress release (Figure 4.11 (c)). Afterwards, the
procedure was repeated with a holding time of 1000 s (Figure 4.11 (d)). Bundles partially
relaxed, but settled to a new zero position (Figure 4.11 (e)).
To rule out structural damage possibly causing partial relaxation, the 2 µm bead was
trapped again (Figure 4.11 (f)). Subsequently, the bead was moved to the original unde-
formed position for 5 s (Figure 4.11 (g)) and returned to the new resting position. This
test showed that the bundle structure had rearranged and maintained a substantial bend-
ing stiffness in the new configuration [Strehle et al., 2011].
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Figure 4.11: Deformation of an α-actinin cross-linked actin bundle and its time dependent
responses to external deformation. (a) Undeformed bundle and an optically trapped bead at-
tached at the start of the experiment. (b) Short deformation by moving the trapped bead along
a predefined arc and holding time of 5 s in deformed configuration. (c) The bundle restores its
original configuration after stress release. (d) Long deformation according to (a) with a defor-
mation time of 1000 s. (e) After stress release the bundle relaxes to a new position. (f) Bead and
bundle were deformed to their formerly zero position and hold for 5 s to test possible integrity
damage of the configuration. (g) If bundles were still intact, they relaxed to their new resting
position. (h) This procedure was repeated with a deformation time of 1000 s and (i) no return
was observed [Strehle et al., 2011].
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This procedure was repeated with a deformation time of 1000 s at the original zero posi-
tion (Figure 4.11 (h)). After stress release no relaxation was recorded (Figure 4.11 (i)).
Additional tests according to the Figure 4.11 (a) and (c), finally verified that the bundle
structure was still intact. To analyze these picture series, a bead tracking algorithm was
employed recognizing the 2 µm bead describing the bundle relaxation behavior. Bead
trajectories can be express as the bending angle θ, where the undeformed position is set
to zero degrees [Strehle et al., 2011].
Relaxations can be well described by an exponential decay function. While short defor-
mations of 5 s showed an elastic response, long deformations of 1000 s revealed a plastic
response of the bundle. These resulted graphs of the described experiments are shown in
Figure 4.12. Data is associated to the experimental steps shown in Figure 4.11. (1.) il-
lustrates the fully elastic response after a deformation time of 5 s while long deformations
of 1000 s results in a plastic response (2.). To test the bundle’s integrity short (3.) and
long (4.) deformations to the original resting position were probed [Strehle et al., 2011].
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Figure 4.12: Diagrams correspond to the experimental steps shown in Figure 4.11 and the
initial bundle configuration corresponds to zero degrees. (a) Short (5 s) and long (1000 s)
deformation times trigger differing responses of an α-actinin cross-linked actin bundle. After
short deformations the bundle relaxed to its initial position while for long deformation time a
plastic response was observed yielding a new equilibrium position. (b) Plastic deformation are
reversible. Line 2. represents the new equilibrium position of a plastically deformed bundle.
After the bundle was deformed for a short time back to its initial position, it relaxed to its
new equilibrium position. For long deformation times the bundle responded plastically again
restoring the initial equilibrium position. Thus, the effect is reversible although the internal
structure was rearranged [Strehle et al., 2011].
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Significant differences in decay functions can be explained by differing bending angles θ.
These experiments showed that bundles respond elastically for short deformations and
plastic for long deformation times. Large deformations were chosen to induce observable
plastic responses and to exclude the simple argument that Brownian motion can cause
the displacement off the initial position. Additionally, long holding times were used to
induce clear plastic deformation. The system was overloaded with cross-linkers which may
block binding sites necessary for rearrangements slowing down the this process. Another
important parameter is the bundle thickness influencing the grade of plastic responses
[Strehle et al., 2011].
Differing deformation times yielded different magnitudes of plastic responses like shown
in Figure 4.13. Short deformation times (a) showed a fully elastic response, while in-
termediate deformation times (b) already showed a slower relaxation indicating a plastic
response. To reverse possible plastic effect, the initial bundle position was restored by
a long deformation experiment. The following long deformation experiment (c) showed
a much stronger plastic response and the bundle settled to a new equilibrium position.
Thus, the magnitude of the plastic response clearly depends on the deformation time.
The time dependency of elastic and plastic responses, however, could not be clearly re-
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Figure 4.13: A bundle was probed for three different deformation times consecutively varied
in one order of magnitude. Short deformation times (a) showed a fully elastic response while
long deformations (c) yielded in a clear plastic response. Intermediate deformation times (b)
yielded an intermediate plastic response [Strehle et al., 2011].
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solved within the frame of these experiments. Unknown variations of parameters such
as bundle thickness or local cross-linker densities rendered quantitative studies infeasible.
The qualitative differences of time dependent plastic responses of a single bundle are con-
sistent with the theory. Longer deformations allow more cross-linkers to rearrange and to
stabilize the new configuration.
4.2.2 Multiple short deformations of α-actinin cross-linked actin
bundles
To probe that short deformation times do not induce any plastic effects within the bundle
structure, multiple, consecutive short deformations (5 s) of α-actinin actin bundles were
investigated. Various experimental procedures were tested to assure the consistency of
the results. Alternating bends in both directions, consecutive bends in one direction,
or successive bends with differing deformation grades. Independent of the experimental
procedure, investigated bundles did not show any plastic responses. Figure 4.14 displays
one example of multiple elastic relaxations of a bundle bent five times in one direction
and subsequently five times in the opposite direction [Strehle et al., 2011].
Relaxation curves were fitted with an exponential decay function allowing the extraction
of properties such as the decay time τ. Most experiments are well described by a single
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Figure 4.14: Responses after consecutive 5 s deformations of α-actinin actin bundle are shown.
The bundle was deformed five times in one direction and subsequently five times in the opposite
direction. In all experiments the bundle relaxed to its original position without any signs of
plastic effect [Strehle et al., 2011].
68 4 Results
exponential decay. This decay time emerges from various decay times of the differing
bundle components, which are roughly on the same order of magnitude. Some bundles,
however, exhibited a second decay time requiring a double exponential decay function
to describe the experiment. Comparing relaxation graphs and images revealed that the
appearance of another composite decay time can be attributed to inhomogeneities within
the bundle structure. Drastic structural defects like a split bundle structure even yielded
different responses of deformations in opposing directions (Figure 4.15). To quantitatively
analyze the preference for one fitting function, residuals of data points and fitting functions
were determined [Strehle et al., 2011].
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Figure 4.15: Responses after deformations in opposing directions can show a different behav-
ior. (a) Due to inhomogeneities within the bundle structure a single exponential decay function
is not appropriate to describe the relaxation behavior and a second decay time has to be intro-
duced. (b) Residuals of single (upper) and double (lower) exponential fits display that a double
exponential fit is more appropriate to describe the relaxation behavior. Gray boxes in the single
exponential plot highlight phases were the actual bundle relaxation strongly diverges from the
single exponential fit. (c) In contrast, the deformation in the opposite direction can be properly
described by the single exponential fit [Strehle et al., 2011].
Inhomogeneities are a result of the composite nature of the bundles containing filaments
of differing lengths. Thus, filament ends are not necessarily aligned and additional cross-
linker contributions can disturb a uniform bundle formation. α-actinin actin bundles
developed a variety of inhomogeneities as shown in Figure 4.16. Split bundle structures,
kinks, and thickness variations are examples of these inhomogeneities accompanied by
an additional relaxation time. In some experiments the bundle was twisted during the
deformation process due to bead trapping and movement yielding an additional decay
time. Only about 30% of probed bundles were considered homogenous.
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Figure 4.16: Various inhomogeneities appeared bundle structures developing an additional
relaxation time. These inhomogeneities ranged from split bundles (a) to kinks (b) and thickness
variations (c). In comparison a homogenous bundle is shown with a single exponential decay
function describing the relaxation behavior (d). Some thickness variations were rather abrupt
(c) while other thickness transitions were smooth (e). In some cases these structural weaknesses
yielded a different behavior when deforming a bundle in different directions (f) [Strehle et al.,
2011].
Bundle characterization in mathematical terms
This consideration is analogous to [Strehle et al., 2011], which is based on the results
presented within this thesis. These approximations are an attempt of characterizing the
found evidence in a numerical way.
The WLB model is a first mathematical approach for the behavior of bundled F-actin
structures. Therefore a first quantitatively description using an exponential fitting func-
tion was reasonable when assuming the dominance of the lowest bending mode in the
relaxation behavior. The fit to the trajectories of the first deformations with short hold-
ing times was done with the simple relation θ(t) = θ0 · e− tτ , where θ(t) is the deformation
in degrees relative to the relaxed position of the bundle and θ0 the maximum deformation.
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τ as the characteristic relaxation time was extracted and used for an estimation of the
bending stiffness of the bundle. A mathematical instruction for this estimate can already
be found in [Strehle et al., 2011] and the relaxation time is described as
τ =
ζL4
κq4n
. (4.6)
ζ describes the drag coefficient per unit length, L the length of the bundle, κ the bending
stiffness and qn a mode-dependent numerical factor. Corresponding to a wave number,
qn was normalized by length and determined by boundary conditions of one free and one
clamped end. By treating the bundle as a cylindrical rod of length L and diameter d,
that is held in a homogeneous flow of viscosity η, the drag coefficient was estimated at
low Reynolds number:
ζ0 =
4piη
lnL
d
+ 2ln2− 1
2
. (4.7)
Working with this model already shows a lack corresponding to the qualitatively evidence
found in the experiments. The exponential decay function can be reproduced and used
for further calculations, the double exponential decay function does not fit into the frame
of this model and cannot be trivially reproduced for continuing estimations. Therefore,
all calculations were done using the exponential fitting function [Strehle et al., 2011].
The treatment above requires a valuation of the bundle diameter, which was not deter-
mined experimentally by the method described here. Fortunately, variations in this value
over a reasonable range did not make a significant difference in the final outcome due to
the specific form in which it appears in the equation. Values in the range of 100 to 200 nm
for bundles nominally comprised of several to ∼10 filaments were therefore examined and
resulted in differences in the friction coefficients of ∼10%. For this reason, a value of
150 nm was chosen for the diameter. Beads with a radius of 1 µm were used in these
experiments and so the Stokes friction coefficient was significant for all of the bundles.
The value of this coefficient was γbead = 6piηr ≈ 0.028pN·sµm , where the fluid viscosity was
η = 1.5mPa · s due to the addition of methyl cellulose to the sample [Strehle et al., 2011].
This value exceeded those of the shortest bundles and was at most only 1/2 of the friction
coefficient of the longest bundles. Therefore, the friction coefficient of the bead was added
to the value for the bundle in this first approximate calculation of the bending stiffness.
Sometimes the bead was not attached at the free end of the bundle but in the middle.
Accordingly, L as the total length of the bundle was used to calculate the friction in these
cases, whereas the length along the contour from the clamped end to the detected bead
position, Lb was used for the contribution to bending. Finally, for the boundary condi-
tion of one free and one clamped end the mode contribution qn = (n− 1/2)pi was used.
Therefore the following equation was employed for the bending stiffness determination:
κ =
(ζ0L + γbead) · L3b
q4nτ
. (4.8)
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As shown in Figure 4.15, a single exponential fit appeared in good agreement with the data
for some relaxation trajectories of DFI-α-actinin bundles. For these cases, values for the
characteristic relaxation times τ obtained from the exponential fits and the corresponding
bending stiffnesses κ, calculated using Equation 4.8, are shown in Table 4.1. In addition, a
comparison of the calculated bundle stiffnesses was made to the bending stiffness of single
filaments. This gives a value of the number of single filaments that would be required to
produce the calculated κB for each bundle, assuming a decoupled bending as it has been
observed for α-actinin bundles. Since this model does not account plasticity effects, only
short hold bends were used for the calculations. Additionally similar experiments with
DFI bundles took place to show the robustness of these experiments and the relaxation
behavior without noticeable damage to the bundles [Strehle et al., 2011].
L(µm) τ(s) κB(pN · µm2) Single Filaments
15 59.1 0.7 12
6.7 12.6 0.2 4
14.7 16.1 2.5 42
9.7 97.4 0.09 2
4.5 1.4 0.5 9
4.5 2.2 0.3 5
7.4 3.6 1.0 18
10.6 3.7 3.5 59
Table 4.1: Table of various DFI-α-actinin bundles and their characteristic relaxation times
τ with the corresponding bending stiffness κ. The relaxation time was extracted from single
exponential fits to the relaxation trajectories of bead and bundle and the bending stiffnesses
were calculated using Equation 4.8. In the last column the amount of single filaments, which
would be required to produce such a bending stiffness assuming decoupled scaling is listed
[Strehle et al., 2011].
4.2.3 Responses of depletion force induced actin bundles to ex-
ternal stress
To show that cross-linker rearrangements are the basis for time dependent responses
to large deformations, bundles formed without any cross-linkers were employed. These
structures were formed by arranging actin filaments due to depletion forces into a parallel
conformation [Hosek and Tang, 2004]. Methyl cellulose was used as depletion agents.
High concentrations of this agent were needed, which drastically increased the viscosity of
the whole system. Thus, longer decay times were observed in comparison to cross-linked
bundles.
72 4 Results
These uncross-linked bundles always fully relaxed to their initial position independent
of deformation times (Figure 4.17). Relaxation paths may be different due to random
Brownian motion effects. In some experiments relaxations after long deformations were
even faster than after short deformation emphasizing this randomness. The return to the
initial position, however, was consistent for long as well as for short deformations. Plastic
deformations were not observed for these bundles even for much longer deformation times.
In conclusion, these bundles lacked the ability to rearrange cross-linkers, which would
stabilize a deformed configuration in a time dependent manner. Changing the internal
structure is time dependent processes and depends on unbinding and binding events of
the cross-linkers as well as diffusion. Thus, the overall response and grade of plastic
deformation are time dependent [Strehle et al., 2011].
Multiple short deformations of depletion force induced actin bundles
Multiple, consecutive short deformations were tested to show that elastic responses are
consistent and reproducible. Due to higher viscosities and accompanied longer decay time
the amount of possible experiments was limited due to bleaching effects. Thus, a compre-
hensive study with various experimental procedures like for α-actinin cross-linked bundles
was not feasible. Thus, only multiple bends in one direction were realized.
All these experiments showed an elastic response of the bundle for short deformation
times (Figure 4.18). The bundle always returned to its initial position and slight varia-
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Figure 4.17: The responses of a depletion force induced actin bundle with different deformation
times are shown. Within the fluorescence picture the differing relaxation paths are indicated.
These variations originate from the random like behavior of Brownian motion. Independent
of the deformation time the bundle fully relaxed to its initial position since no cross-linking
proteins could rearrange to stabilize the deformed configuration [Strehle et al., 2011].
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Figure 4.18: Responses after consecutive 10 s deformations of a depletion force induced actin
bundle are shown. The bundle always elastically returned to its initial position demonstrating
that internal bundle structure remained undamaged [Strehle et al., 2011].
tions can be explained by Brownian motion and the high viscosity. Elastic responses are
reproducible and do not damage the internal bundle structures [Strehle et al., 2011].
These time dependent responses to external deformations were formerly attributed active
behavior. However, arising dynamics and even force generation can be realized in a non-
dissipative system in equilibrium. A further example, which was previously attributed to
active actin accessory proteins is the formation of aster-like patterns. The emergence of
these patterns will be presented in the following section.
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4.3 Regular actin bundle networks
As mentioned above, actin filaments can be arranged in bundled structures under certain
concentrations of crowding agents. Polyethylene glycol (PEG), dextran, and methyl cel-
lulose (MC) are commonly applied for in vitro assays to cause molecular crowding. In the
presented studies, PEG was chosen as a soluble and inactive polymer causing depletion
forces. Methyl cellulose, in contrast, has hydrophobic as well as hydrophilic parts and
shows a tendency to gelatinize. Additionally, the protein albumin (in this case BSA) was
chosen as a representative of compounds occurring in living cells able to cause crowding
effects. BSA is commonly used to inhibit unspecific binding and was reported to have no
specific interactions with actin.
In first approximation depletion forces only depend on density and size of the applied
depletant. Differing chemical as well as physical properties of these crowding agents,
however, can lead to substantial differences in the structure formation. This diversity is
needed to investigate according influences to structure formation, which is essential to
explain cellular structures as well. Up to 40% of cells’ interior can be occupied by macro-
molecules and excluded volume effects need to be taken into account to explain various
cellular structures like bundles, networks, or higher ordered arrangements [Ellis, 2001].
Higher ordered structures have been in focus of many studies and especially actin aster
formation was usually attributed to actin associated proteins [Backouche et al., 2006;
Smith et al., 2007]. It has been shown previously that actin asters can form in absence
of any accessory proteins only depending on the concentration of divalent ions such as
Mg2+ [Huber et al., 2012]. Results presented here, reveal aster formation independent of
accessory proteins or ion concentration. According formations show a general tendency to
form asters solely depending on an isotropic system and bundling of filaments. Crowding
agents as well as counterions induce bundling when exceeding a critical threshold concen-
tration [Tang and Janmey, 1996; Hosek and Tang, 2004]. Different experimental setups
have been used to shift the experimental system from non-bundling conditions (< critical
threshold) to bundling conditions (> critical threshold). These differing methods have
shown consistent arrangements and allowed diverse investigations. The independence of
other proteins emphasizes that structure formations on higher levels can be controlled
only by self-assembly arguments and accordingly energy minimization in the system.
4.3.1 Aster formation in gradient setups
Gradient setups require an actin solution with previously polymerized filaments since these
setups do not allow one to trigger polymerization within the experimental procedure. As
shown in Figure 3.8 setups can be realized in different ways accounting for differing exper-
imental requirements. Closed chambers are easy to control while open setups allow can
be adjusted and modified throughout the experiment. The similarity of all setups is the
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formation of a gradient of actin and the according crowding agent due to slow diffusion.
With these methods a broad range of concentration ratios is covered and aster formation
appears in regions with appropriate conditions. However, experimental procedures easily
destroy the required isotropic distribution of actin filaments. Very gentle preparations
and according waiting times are needed to achieve an isotropic distribution.
Asters form around the highest concentration of the crowding agents. Along the de-
pletant gradient to lower concentrations, structures become more and more unordered
(Figure 4.19). Towards low concentrations bundles become thinner eventually passing
the critical concentration where only single filaments can be observed.
Gradient setups are easy to establish and a careful handling robustly yields a consistent
aster formation. They are universal to test various crowding agents (Figure 4.20) and
allow screening of all potential concentration ratios. Experiments revealed that form and
shape of asters are consistent even for varying size of the according depletant.
20µm20µm20µm20µm
Figure 4.19: In gradient setups, solutions contain the bundling agent and actin filaments
from the beginning, which are locally separated. These two solutions start to diffuse forming a
gradient with varying concentration ratios establishing just the right conditions at certain regions
to form regular patterns. Towards higher crowding agent concentrations regularly spaced aster-
like structures form, if actin concentrations are high enough (≤ 30 µM).
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However, these setups only account for qualitative studies and quantitative analysis re-
main elusive. To measure according concentrations and to determine threshold concen-
trations evaporation setups are used.
10µm
BSA
10µm
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10µm 10µm
Figure 4.20: Gradient setups can be used to form aster-like structures with various crowding
agents. These depletants range from non-interacting polymers such as PEG to proteins such
as BSA. Besides methyl cellulose all crowding agents form comparable structures, which are
similar to patterns formed by magnesium ions. Methyl cellulose consists of a hydrophilic as well
as hydrophobic structure leading to interactions with actin and less condensed bundles.
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4.3.2 Aster formation due to evaporation
A second experimental approach was used to gently transfer the system from non-bundling
conditions (<critical threshold) to bundling conditions (> critical threshold). Within this
approach the actin - crowding agent solution with concentrations below bundling condition
was deposited as micro-droplets on a passivated glass slide. These drops were covered by
an oil layer (Figure 3.9).
If actin was already polymerized into filaments, the solution was covered by a thick oil
layer preventing any evaporation. The solution was allowed to rest for at least one hour
to restore an isotropic filament distribution. Afterwards the oil height was reduced and
droplets started to slowly evaporate through this layer increasing the concentration of the
ingredients. Within this process the bundling threshold was reached and asters formed.
Alternatively, actin was deposited in its monomeric form with salt concentrations below
the polymerization threshold. The evaporation was started without equilibration times
reaching the polymerization conditions of actin. This process always ensured an isotropic
filament distribution. Due to further evaporation the bundling threshold was reached and
asters appeared [Huber et al., 2015].
With these methods actin filaments were isotropically distributed. The whole system
was transferred to bundling conditions without macroscopic disturbances such as mixing.
After reaching the critical bundling concentrations of crowding agents or counterions,
the homogeneously distributed actin filaments formed an ordered actin bundle network
(Figure 4.21). These systems allowed a homogenous induction of the aggregation process
throughout the entire droplet.
20 µmt = 315st = 200st = 0s
Figure 4.21: In droplets covered by a thin oil layer, the critical bundling concentration is
reached due to evaporation (t = 0 s). Bundling in this isotropic environment drives the system
to a regular actin bundle networks. These regular patterns form within around five minutes
throughout the entire droplet [Huber et al., 2015].
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Bundling actin via crowding agents or counterions is a well known mechanism and has
been used for variety of experiments to form bundles without cross-linking proteins. How-
ever, the formation of asters has been never reported for these bundling processes and
were traditionally attributed to actin accessory proteins.
To form actin bundle without accessory proteins in vitro, a common way is to premix fil-
aments and bundling agents, which are subsequently pipetted in an experiment chamber
[Tharmann et al., 2006]. If the solution is gently mixed and pipetted, random actin bun-
dle networks are formed showing a homogenous actin density. Higher ordered structures
or oriented bundles do not occur during these experiments (Figure 4.22 (a)). Resulting
formations resemble the arrangements of randomly arranged, cross-linked actin networks
[Schmoller et al., 2008; Nguyen et al., 2009].
In the presented gradient and evaporation setup, mixing effects and bundling transition
can be temporally separated. The bundling threshold is reached when actin filaments
restored an isotropic distribution, which was destroyed during the mixing process. Thus,
bundle networks formed without the bias of mixing effects. Emerging network archi-
tectures are completely different although ingredients and concentrations were identical
(Figure 4.22 (b)). These asters form for actin concentration above 40 µm at the bundling
transition. This bundle arrangement has proven to be a robust, general feature when an
attractive force gently causes bundling in an isotropic environment. Attractive forces can
be induced, for instance, via depletion forces or counterion condensation as shown, but
can be also induced by cross-linking proteins Huber et al. [2015].
All crowding agents yielded aster-like patterns for appropriate actin concentrations. Pat-
terns induced by methyl cellulose, however, displayed a notably qualitative difference.
Mesh sizes as well as bundle thicknesses were larger compared to asters formed by other
depletants or counterions. Potentially these differences appear due to the hydrophobic
parts of the methyl cellulose or its ability to form gels. In that course methyl cellulose
cannot be considered an inactive, non-interacting crowding agent like PEG [Huber et al.,
2015].
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Figure 4.22: (a) A
direct mixing of actin
filaments and crowd-
ing agents at desired
final concentrations
leads to anisotropic
distributions and the
formation of random
bundle networks. (b)
Due to the absence of
mixing effects within
undisturbed regions
of the gradient setup
or in evaporating
droplets, actin fila-
ments are isotropically
distributed. Ingre-
dient concentration
comparable to (a)
induce bundling in
an isotropic system
resulting in ordered
network architectures.
[Huber et al., 2015]
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4.3.3 Regularity of aster-like arrangements
Independent of the type of crowding agent all systems showed the emergence of aster-like
arrangements. According aster centers were not distributed randomly but rather regu-
larly spaced within the network. This sign of regularity yielded typical aster distances
of about 5 - 10 µm for magnesium and crowding agent induced networks (Figure 4.23).
Only methyl cellulose formed networks show divergent characteristics. Pattern forma-
tion is qualitative similar, but typical aster distances were roughly twice as long as for
other bundling agents with comparable actin concentrations (15 - 20 µM when reaching
the bundling threshold) [Huber et al., 2015]. Quantitatively, typical aster distances were
evaluated to be 15 - 20 µm accompanied by much larger bundle diameters (Figure 4.24).
These differences might be caused by hydrophobic parts of methyl cellulose enabling in-
teractions of single molecules. For instance, methyl cellulose tends to gelatinize at high
temperatures emphasizing their potential interactions [Kobayashi et al., 1999].
Unfortunately these regularity analysis cannot be easily applied to random networks. In
randomly arranged networks bundles show a broad thickness distribution leading differing
intensities of bundle junctions. Additionally, bundles are arranged with various angles to
each others. These influences would require certain thresholds to enable an automated
analysis, which would be literally different for every picture. Thus, a consistent evaluation
is infeasible.
The difference between aster-like and random networks is visually accessible as demon-
strated in Figure 4.22. However, the regularity of aster-like networks can be hardly
described with an order parameter. Although analysis reveal a certain regularity, a long
range order as in crystalline structures cannot be described. These properties are similar
to quasi crystalline structures, which are not accessible by standard Fourier analysis since
no periodicity can be found in such systems [Shechtman et al., 1984].
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Figure 4.23: Aster-like networks were induced by counterion condensation (Mg2+) or crowding
agents (PEG (10k), BSA, and Dextran (70k)). Aster centers were detected by automated image
analysis routines and connected by lines drawn based on a Delaunay triangulation. These de-
tections were evaluated in form of radial distribution functions showing an increased probability
of a next neighbor distance of 5 - 10 µm [Huber et al., 2015].
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Although most crowding agents form very similar aster-like networks, they differ sub-
stantially concerning their bundling threshold concentration. While PEG (10 kDa) and
BSA required a comparably high macromolecular crowding (6± 1 (w/v) at 50 mM KCl),
methyl cellulose caused actin bundling at much lower concentrations (0.7± 0.1% of 14 kDa
& 0.12± 0.03% of 88 kDa methyl cellulose at 50 mM KCl) [Huber et al., 2015].
To test if the size of the crowding agent itself affects the pattern formation, different
molecular weights of PEG as well as methyl cellulose were investigated. These experi-
ments revealed that crowding agent size did not influence the form and shape of emerging
structures (Figure 4.24). With evaporation assays only changed bundling threshold con-
centrations were recorded.
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Figure 4.24: Aster-like networks induced by crowding effects show no obvious architectural
differences for differing molecular sizes of the according depletant. (a) Patterns formed by PEG of
size 10 kDa and 35 kDa, respectively, display consistent architectures and typical aster distances.
(b) Further, patterns formed by methyl cellulose of size 14 kDa and 88 kDa, respectively, display
consistent architectures and typical aster distances as well. (c) According to Figure 4.23, methyl
cellulose (14 kDa) formed aster-like networks yielded typical aster distances of 14 - 20 µm [Huber
et al., 2015].
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Additionally, different droplet sizes in evaporation assays did not show significant differ-
ences in the network architecture (Figure 4.25). Typical aster distances were consistent
for these differing confinements.
40µm40µm
20µm 10µm
Figure 4.25: Aster-like networks were formed in evaporation setups of differing droplet sizes via
counterion condensation employing magnesium ions. Large droplets with diameters of ≤ 10 µm
yielded aster-like formations rather independent of droplet sizes with approximately consistent
aster-center spacings [Huber et al., 2015].
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4.3.4 Rearrangement after large deformations
Aster structures are highly reproducible and stable for hours and persist when the sample
is almost dried up. This robustness is also emphasized when patterns are largely deformed,
for instance by a rheometer. Other methods such as optical or magnetic tweezers are
either too weak to induce severe deformation or induce or probe the sample very locally.
Using rheological methods allows global deformations in high force regimes. Patterns are
strongly deformed even beyond breakage of single bundles destroying the regular shape.
On the time scale of several minutes, bundles anneal and aster structures are rearranged
Figure 4.26.
a b c
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Figure 4.26: Aster-like structures (a) were harshly deformed by a rheometer leading to bun-
dle breaking (b). Deformations were induced by a rheometer since other methods like optical
tweezers did not allow force exertions in the needed regime. Within several minutes bundles
annealed and damaged structures were reestablished in an aster-like manner (c).
4.3.5 Influence of pre-ordering
As described above, rough mixing effects drastically bias a system prior to structure for-
mation. Previous work relying on magnesium induced bundling has already demonstrated
the influence of slight anisotropies of the initial actin filament distribution. Networks are
not formed randomly but structure formation is crucially influenced. Aster formation
is disturbed by pre-aligned filaments, which is caused by high filament densities [Huber
et al., 2012].
Bundle network formation due to crowding effects resembles these ladder-like structures
as well Figure 4.27. Pre-aligned filaments, however, can be achieved not only by high
filament densities but also by flow alignment. These flows need to be gently induced
since higher flow rates would resemble mixing effects leading to random networks. Flow
alignments persist for substantial times (> 1h) even at filament concentrations far below
the nematic onset [Huber et al., 2015; Doi and Edwards, 1986].
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Appropriate flows without causing turbulences can be induced either by an increased evap-
oration rate, very slow pipetting, or due to diffusion flux. These methods align filaments
establishing a slight anisotropy and suppress aster formation.
 a                       PEG  b                        MC
 c                       Mg2+  d                       BSA
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Figure 4.27: If a system is disturbed, the isotropic order needed to form asters is destroyed.
Disturbances such as flow pre-align filaments before bundling. This pre-ordering can be induced
by enhanced evaporation in the middle of a droplet yielding a flow towards the droplet center
(a). Flow alignment can be also induced by fluxes within the sample (b - d). For all bundling
agents pre-alignment of filament resulted in so-called ladder-like structures [Huber et al., 2015].
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To show that these two structure formations are independent of the initial actin concen-
tration, they can be established in coexistence in the same system. By squeezing parts of
the sample local flows can be induced. Thus, parts of the sample are flow aligned while
other parts are not affected remaining in their isotropic state. These local orientation
differences yields local structure formations and a coexistence in the according sample
Figure 4.28. The transition from one structure to another is rather sharp.
200 µm 50 µm
50 µm 10 µm
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Figure 4.28: A slight convection/flux of the sample solution can be induced by gently squeezing
parts of the sample chamber of gradient setups. Resulting fluxes lead to local pre-orientation of
actin filaments and differing actin structures emerge. Some regions are pre-ordered while others
remain an isotropic distribution leading to a coexistence of these structures.
Chapter 5
Discussion & Outlook
Due to the intertwined functioning of diverse components of the rich cellular protein pool,
a cell is often described as a highly complex machinery. This point of view, however, can
be misleading since a machine is developed to fulfill specific tasks while an organic system
spontaneously develops in a gradual manner in response to evolutionary pressure [Swami-
nathan et al., 2010]. Additionally, cellular components do not fulfill only one specific
task but can be used for diverse functions. The interplay of many of those components
leads to a functional redundancy. Thus, if a component is unable to accomplish a certain
task, another protein or cellular pathway can compensate its function. For instance, cells
are still mobile even after knocking down molecular motors [Okeyo et al., 2009]. This
redundancy makes life and cells in particular very robust.
Astonishingly, even by mixing few cellular components in an in vitro system, organized,
cooperative functioning or even active processes can be observed [Bussonnier et al., 2014].
These interactions and occurring protein redundancy impede controlled studies on cellu-
lar features. Furthermore, basic physical effects have to be taken into account to explain
some emerging properties. As illustrated within this thesis, some properties were conven-
tionally attributed to active behavior and accessory proteins. Presented results, however,
emphasize that while some functions are supported by additional components, they are
not necessarily the fundamental physical basis for certain effects.
Besides new biological insights I was able to show that clear physical arguments can be
used to describe specific findings as emergent phenomena. A first example is emergent
dynamics of contractile actin structures. Force exertions based on actin were formerly
reported to rely on ATP hydrolysis converting chemical energy into mechanical work
[Thoresen et al., 2011; Pollard and Borisy, 2003]. In contrast to these arguments, I used
an optical tweezers based technique to investigate contractility of an actin bundle formed
solely by depletion forces [Hosek and Tang, 2004]. Previous theoretical and experimental
studies [Kinoshita, 2004; Li and Ma, 2005; Galanis et al., 2010; Hilitski et al., 2015] re-
ported a fundamentally different, dynamic behavior for a two filament system than found
for a multi-filament bundle. These approaches describe a relative, axial sliding of two
87
88 5 Discussion & Outlook
rod-like filaments induced by depletion forces leading to a linear force exertion. Arising
dynamics of these contraction processes then proceed with constant velocities, in con-
trast to presented results of an exponentially decreasing velocity. In physical terms, these
dynamics can be well described as an emergent phenomenon of rod-like colloids (actin fil-
aments) in a bundle when taking pairwise interactions to a multi-filament scale. Bundles
were modeled as two-dimensional arrangements of laterally stacked pairs of rigid filaments.
The mathematical model yields an arising harmonic potential in an overdamped (highly
viscous) environment. Classical descriptions of an overdamped harmonic oscillation lead
to an exponential force decay [Doi and Edwards, 1986], which is in good agreement with
presented results. The harmonic form of the potential and the according exponential force
decay are further verified by simulations [Schnauß et al., 2015]. However, measuring ab-
solute force values within the contraction process requires different techniques as reported
by Hilitski et al. [Hilitski et al., 2015]. These methods evaluate forces by the deflection
of a bead from the center of an optical trap, which in turn hardly allow any evaluation of
dynamics since contractions cannot proceed to the energetic minimum.
Contractility of multi-filament systems can be further investigated with different crowd-
ing agents or bundles formed by counterion condensation. Underlying mechanisms can
be even used for applications in a nanometer range, where these interactions can drive
contractions of rod-like particles. However, according studies require quasi single molecule
experiments since bundles are anisotropic structures. In contrast to well studied systems
such as actin networks, bundles are difficult to form and quantitative investigations are
impeded since bulk measurements are not easily feasible.
These described molecular crowding effects represent fundamental physical interactions.
They cannot be switched off even in active systems such as cells. This argument is sup-
ported by the fact that the cytoplasm itself is a densely filled environment [Ellis, 2001].
Presented experiments and the used amount of macromolecules is well below the macro-
molecular content of a cell, which further emphasizes the potential biological relevance of
this contractile process. Kinetics and maximal forces are in a regime of active processes,
but are independent of the conversion of chemical energy into mechanical work [Lodish
et al., 2003; Clemen et al., 2005; Finer et al., 1994; Kron and Spudich, 1986; Scholey,
1993].
From a biological point of view, contractile actin structures are the basis for many force
generating mechanisms and are generally attributed to an active behavior [Lodish et al.,
2003]. Previous studies on semiflexible networks already pointed towards motor-free con-
tractions [Sun et al., 2010; Wolgemuth et al., 2005; Lansky et al., 2015], but still relied on
additional cross-linking proteins. Presented bundle contractions, however, can be realized
in the absence of any accessory proteins without the need to convert chemical energy.
More precisely, bundle formation via crowding effects allows the specific exclusion of in-
fluences from additional proteins and forces can be only generated by attractive filament
- filament interactions.
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This passive, self-assembly process may play an important role in biological systems, es-
pecially for processes relying on forces in the piconewton range. These functions were
usually described with accessory proteins, which implicates the need to arrange underly-
ing structures. Force exertion by myosin motors, for instance, rely on certain orientations
of filaments. Passive contractions, in contrast, do not require a specific orientation of
actin filaments concerning their plus and minus ends. Dynamics of this passive process,
however, are slow compared to velocity regimes of some myosins. As an example, myosin
II has been reported to move up to 4.5 µm/s [Lodish et al., 2003; Carvalho et al., 2013;
Finer et al., 1994; Clemen et al., 2005]. However, other myosin types moving in a lower
velocity range have also been investigated [Scholey, 1993]. Besides dynamic diversity,
molecular motor activity is switchable via the ATP content while filament-filament inter-
actions cannot be influenced easily [Stachowiak et al., 2012].
Although I do not expect this form of force exertion to be the basis for all cellular force
generating mechanisms, they can be employed to fulfill or support cellular functions. In
that course, passive contractility may act independently of molecular motors, but may also
act in concert with their activity. Cellular actin bundles, for instance, are prestressed by
myosin motors [Gardel et al., 2006]. These motors maintain tensile strains in the bundle,
which can preserve the overall cellular strain. Cyclic actin-myosin interaction, however,
lead to transient bindings of myosin motors. Employed minifilaments can be very small
containing only three to four myosins. In some states all of these few molecular motors
are detached from actin filaments, which would release the prestress. Upon this release a
bundle would extend its length to decrease tension. This extension can lead to extreme
cases where bundles even fully dissolve. Nevertheless prestressed bundles remain intact
potentially due to filament-filament interactions, which can antagonize bundle disintegra-
tion. This may preserve a bundle’s tensile strain and can consequently sustain the overall
cellular structure [Schnauß et al., 2015].
Going from a subcellular to a cellular scale, passive bundle contractions may be involved
in the retraction of filopodia (Figure 2.12). These entities are among the most molecularly
crowded structures in cells. They are stabilized by actin bundles stretching from base to
the tip. Filopodia are highly contractile although they are not directly contracted by
myosin motors located at the basal interface to the interior actin cortex [Romero et al.,
2012]. This statement is supported by the highly parallel polarity of actin filaments due
to their polymerization from the tip, which renders active myosin contractions implau-
sible. In contrast, passive contractility due to a crowded environment is independent of
the orientation of interacting filaments. Moreover, previous studies reported stall forces
for retracting filopodia, which are on the same order of magnitude as forces exerted in
the presented experiments [Romero et al., 2012]. However, kinetics of the filopodia re-
traction process are slower [Bornschlo¨gl et al., 2013]. This difference might be caused by
cross-linkers such as fascin or fimbrin, which potentially antagonize or regulate the deple-
tion force effect. Fascin can impede crowding induced contractions since it is a relatively
stable cross-linker on the time scale of retraction events [Vignjevic et al., 2006]. Binding
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affinities of fascin, however, can be tuned by phosphorylation, which highly reduces the
actin binding affinity [Yamakita et al., 1996; Ono et al., 1997]. This mechanism itself is
regulated by interactions between cells and their surrounding environment. Thus, this
interplay can act as a trigger initiating bundle contraction via crowding induced forces
causing filopodia retraction.
It has to be mentioned that in vivo situations are far more complex with many more
interwoven components than the reconstituted systems shown here. However, this mini-
mal system of actin bundles in a crowded environment allowed the investigation of this
process for the very first time. Distinct biophysical properties could be evaluated, which
are hardly accessible in in vivo systems [Schnauß et al., 2015]. To translate these findings
into active cellular systems, extensive in vivo studies are necessary, which are beyond the
scope of this thesis.
The potential role of passive bundle contractility in filopodia retraction already indicates
that addition of accessory proteins can drastically alter a bundle’s properties. Active ele-
ments such as myosins can actively slide filaments against each and cross-linking proteins
can suppress these sliding motions. These opposing functions illustrate that additional
components easily lead to far more complex situations. However, this property diversity
is the basis to employ actin structures for seemingly contradictory tasks. To fulfill var-
ious functions with one and the same key component, emerging structures have to be
highly tunable. The cytoskeleton, for instance, can be described as a viscoelastic module
with time dependent responses against external stimuli. Different structures of actin play
prominent roles in these responses by employing accessory proteins, which can transiently
cross-link filaments.
A distinct tuning possibility was investigated within the frame of this thesis. Cross-linked
actin bundles can respond mechanically in a time dependent manner due to dynamic
rearrangements of transient cross-linkers. α-actinin cross-linked bundles were deformed
by large bendings with differing deformation times. Presented results clearly illustrate
elastic and plastic responses of these bundles depending on the time scale of deformations.
Short deformation times of 5 s of cross-linked as well as uncross-linked bundles yielded
fully elastic responses and bundles restored their original positions after stress release.
For long deformation times of 1000 s, the two types of bundles responded differently.
While uncross-linked bundles restored their initial position similar to 5 s deformations,
cross-linked bundles only relaxed partially remaining a bent shape. Plastic responses can
be attributed to transient cross-linkers, which can unbind, diffuse, and rebind. This struc-
tural rearrangement supported the new bundle conformation induced by external forces
[Strehle et al., 2011].
Uncross-linked bundles were formed by depletion forces with an according high viscos-
ity within the medium similar to conditions applied for bundle contraction experiments.
Thus, observation and relaxation times were much longer than for cross-linked bundles
with a surrounding medium of lower viscosity. Uncross-linked bundles always showed
elastic responses proving that viscoelastic responses require the presence of dynamic,
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transient cross-lining proteins. Unbinding events of these accessory proteins may have
been enhanced by a decreased inter-filament spacing caused by the deformation. Addi-
tionally, rebinding in formerly relaxed positions might have been suppressed. Due to the
new conformation under stress, cross-linkers can rebind at formerly hidden binding sites
or with different binding angles in regard to their filament-filament position.
Transient cross-linking is a dynamic process and rearrangements are time dependent due
to on and off rates of involved proteins and the time dependent diffusion [Strehle et al.,
2011]. Deformation times of 1000 s have proven to be sufficient for significant rearrange-
ments of α-actinin causing plastic deformations of actin bundles. Deformation times that
are several orders of magnitude shorter yielded either an elastic or no reproducible vis-
coelastic responses. The experimental protocol involved several bundle integrity tests to
verify that results were not caused by structural damage of filaments or unwanted inter-
actions with glass slides. These tests showed that plasticity effects are totally reversible if
a bundle is deformed to its former initial position for long times. In these cases dynamic
rearrangements stabilized the initial conformation again.
Short and long holding times were investigated to illustrate clear differences in the bun-
dle’s relaxation behavior. Intermediate deformation times of 100 s often yielded slower
relaxations than responses after 5 s deformations but a similar resting position. Thus,
intermediate deformation times lead to intermediate plastic responses, which are less sig-
nificant than responses after 1000 s deformations. However, 1000 s deformations exceed
time periods required for unbinding and binding events of α-actinin. This cross-linker has
been reported to associate with rates of approximately 1 - 4 µM−1s−1 and dissociate with
approximately 0.1 - 0.4 s−1 [Xu et al., 1998]. These rates are sufficient to cause rearrange-
ment effects in cross-linked actin networks in in tens of seconds [Wachsstock et al., 1993].
The drastic difference between on and off rates to time needed for plastic deformations
can be explained by tight bundle packing due to the preformation via depletion forces.
Bundles formed by α-actinin without a preformation via depletion forces displayed plastic
responses much faster. They stabilized bent conformations for holding times of 100 s, but
were hardly experimentally accessible due to co-occurring network structures. Tightly
packed bundles as used in the presented experiments, may impede cross-linker rearrange-
ment between inner filaments of the bundle. Possibly, they can only attach to filaments
on the outer shell prolonging plastic effects. If cross-linkers are able to penetrate the in-
ner bundle structure, the limited space confines cross-linker diffusion leading to prolonged
deformation times as well. Additionally, experimental systems were overcrowded with
α-actinin molecules and all actin binding sites should have been covered. This extends
time periods for plastic rearrangements since binding sites need to be unblocked before
the new bundle configuration can be stabilized [Strehle et al., 2011].
All these evaluations, however, only yield a qualitative understanding of the relaxation
process. Unfortunately plasticity effects cannot be quantified with presented methods
since many parameters such as bundle thickness or packing density remain unknown
[Strehle et al., 2011]. The elastic relaxation behavior after short deformations, in con-
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trast, can be evaluated with the WLB theory. Within the frame of this model cross-linked
actin bundles are described as homogenous flexible rods. The lowest bending mode domi-
nates the relaxation, which can be described as a single exponential decay function [Strehle
et al., 2011]. This is a first approach to describe a bundle’s properties such as the bend-
ing stiffness via relaxation times. According results are in good agreement with previous
evaluations using thermal fluctuations [Claessens et al., 2006b]. However, these results do
not account for side effects caused by bundle inhomogeneities and are limited by the fact
that the number of filaments in a bundle can be only approximated [Strehle et al., 2011].
For example, some α-actinin cross-linked bundles could not be described sufficiently with
a single exponential fitting function. To describe their relaxation behavior an additional
exponentially decaying term had to be introduced. In these cases two relaxation times
were extracted, which could be attributed to obvious inhomogeneities within the bundle.
These findings are not yet included in the WLB theory. Arising contributions due to two
relaxation times cannot be resolved easily and would require a full mode analysis. These
investigations are infeasible with the presented experiments and would require oscillatory
driven measurements. Frequency dependent investigations would enable Fourier trans-
formations and thus precise contributions of single components to the overall relaxation
behavior [Strehle et al., 2011].
The consistent effect of inhomogeneities was investigated with multiple short deformations
and subsequent elastic relaxations. These experiments showed that elastic responses in
general were consistent verifying that no plastic rearrangement appeared. Surprisingly,
inhomogeneities often only influenced relaxation in one bending direction (double expo-
nential fit) while leaving the opposing relaxation path undisturbed (single exponential fit)
[Strehle et al., 2011]. In a split bundle, for instance, one relaxation path is completely
dominated by one fiber while the relaxation of the other direction is influenced by con-
tributions of both fibers. These two fibers were not equally long and the deformation
to one side did stress only one of these strands. In the other direction both fibers were
stressed and contributed to the relaxation. This behavior was investigated with a series
of consecutive experiments and has proven to be independent of the sequence of tests in
both directions. These experiments emphasize the elasticity for short deformation times
and were independent of the deflection or direction of induced stress [Strehle et al., 2011].
Slightly differing relaxation paths can be attributed to thermal fluctuations.
Multiple short deformations were tested with uncross-linker bundles as well. Their long
relaxation times due to high viscosities, however, impeded comprehensive studies of de-
formations in both possible directions due to bleaching effects. Their relaxation behavior
after consecutive short deformations to one direction was consistent showing that the in-
ternal bundle structure was not damaged.
α-actinin is only one representative of actin accessory proteins. It is considered a long,
flexible cross-linker describing the decoupled case within the WLB theory [Heussinger
et al., 2007; Bathe et al., 2008]. Experiments with a different type of cross-linker (short
and rigid) such as fascin are needed to explore the whole phase space needed to test
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also the fully coupled state. However, these proteins are not commercially available and
require extensive biochemical expression, which was beyond the scope of this project.
Fully coupled cross-linkers would allow an investigation of arising bundle properties. A
combination of various cross-linking proteins might allow a fine tuning of the bundle’s
mechanical properties.
These experiments would benefit from force measurements during the deformation pro-
cess. However, these investigations are not feasible with the presented experimental setup.
Force measurements should show how a cross-linked actin bundle relaxes into the focus
of the trap during the rearrangement process. Controlled studies would allow an exten-
sion of the WLB theory and a precise investigation of tuning possibilities due to differing
cross-linkers.
Presented results already indicate further tuning possibilities of mechanical properties
of actin bundles. The very different response of cross-linked and uncross-linked bundles
illustrate how cells may influence these properties by decreasing or enhancing cross-linker
binding affinities [Yamakita et al., 1996; Ono et al., 1997]. Dynamic rearrangements in
filopodia stress fibers, for instance, can be employed to respond to external signals of the
surrounding environment as discussed above. These bundles are the stabilizing scaffold for
filopodia, but can also perform contractions or can even fully dissolve. Thus, cross-linkers
are a molecular key component to realize these somehow contradictory flexible and rigid
functions.
This example clearly illustrates how accessory proteins can drastically increase the level of
complexity even in a system comprised by only two components. Their influence even lead
to effects in higher ordered actin arrangements such as networks, bundles, or networks of
bundles. Cross-linked networks, for instance, strain harden while entangled networks do
not display these characteristics [Xu et al., 2000].
However, not all emergent phenomena rely on additional components within the system,
although some effects are often described to be based on according accessory proteins.
The formation of regularly spaced, aster-like biopolymer networks, for instance, has been
mainly associated to activity of molecular motors or cross-linking proteins [Ne´de´lec et al.,
1997; Backouche et al., 2006; Smith et al., 2007]. Further studies revealed that aster-like
networks can form in the absence of molecular motors or accessory proteins. In these
cases, pattern formation solely relied on actin cross-linking by magnesium ions [Desh-
pande and Pfohl, 2012; Huber et al., 2012]. Presented emergence of aster-like patterns,
however, point into a different direction since these patterns do not rely on additional pro-
teins are cross-linking effects. Fundamental physical interactions such as depletion forces,
which drive filament attractions, are sufficient to cause aster-like arrangements. This is in
contrast to previous results and illustrates that certain effects do not require complex de-
scriptions. However, accessory proteins or additional effects can alter structure formation
or influence according properties. These effects have been shown for aster-like arrange-
ments caused by magnesium ions, where accessory proteins or filament pre-alignment can
lead to a shift to another structure regime [Huber et al., 2012].
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The fact that aster-like structures emerge without additional components emphasize that
aster-based networks are a rather robust, general feature. A variety of depletion agents
as well counterions can drive self-assembly of these networks, independent of active, self-
organizing processes as reported previously [Backouche et al., 2006]. Presented findings
additionally suggest that underlying microscopic processes are not based on specific in-
gredients or according properties such as cross-linker geometry. Aggregation of filament
solutions into regular aster-based networks can be rather expected to be a general feature
of unspecific, uniform attractive interactions between filaments in conjunction with a ho-
mogeneous, isotropic initial filament distribution [Huber et al., 2015]. If initial filament
distributions are not isotropic, arising structures do not form aster-like networks. For in-
stance, pre-alignment due to induced flows leads to the formation of ladder-like structures
[Huber et al., 2015].
The dependency on isotropic distributions illustrates why aster-like pattern formation has
not been reported in earlier studies employing actin filament aggregation. These studies
employed counterions [Angelini et al., 2005], depletion agents [Hosek and Tang, 2004;
Tharmann et al., 2006], or actin cross-linkers [Schmoller et al., 2009; Nguyen et al., 2009]
to aggregate actin filaments similar to presented results. However, these experiments faced
the limitation that ordering effects are employed as soon as involved ingredients got in
contact. Thus, pattern formation was directly coupled to mixing effects or actin polymer-
ization in the presence of cross-linkers [Huber et al., 2015]. These effects alter network
formation since starting conditions are substantially different. Subsequently, underly-
ing histories of pattern formations differ to formation histories of presented evaporation
or gradient setups. By applying protocols from these previous studies with according
concentrations from presented experiments, no aster-like or regular structures emerged
(Figure 4.22).
Aster-like networks formed by crowding effects are visually similar to patterns formed by
actin in the presence of molecular motors [Backouche et al., 2006; Smith et al., 2007].
These aster formations relied either on rigid cross-linkers [Backouche et al., 2006] or in-
active myosins [Smith et al., 2007]. In case of active motors, filament sliding motions
are enhanced and initial anisotropies due to mixing effects decay rapidly. Myosin based
aster formation might be a similar mechanism as underlying effects in evaporation or
gradient setups. Isotropy in the system is established by motor activity and the bundling
mechanism is (temporally shifted) switched on when ATP is depleted [Smith et al., 2007].
When myosins switch to the inactive state they induce filament bundling by cross-linking,
which potentially reflects the transition to the bundled state in evaporating systems. Fur-
thermore, the process is reversible when ATP is introduced again repealing the bundling
mechanism. Asters based on a system of microtubuli and according motor proteins, how-
ever, form by self-organizing, dissipative processes and therefore follow different principles
[Ne´de´lec et al., 1997; Surrey et al., 2001]. These studies define asters as polar structures
joining filaments at the same polar ends. Presented actin asters, however, cannot be con-
sidered polar since no sorting mechanism such as directed motor activity is employed.
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These findings emphasize that biochemical compositions of a system are not the only
underlying parameters causing the emergence of specific network types. Presented results
further illustrate that pattern formation dynamics as well as anisotropies are inherent
restrictions for the final network architecture. Reported key parameters such as filament
density, accessory protein density, and underlying geometrical configurations of course
persist in cellular systems. However, the overall phase space has to be extended forming
a more complex frame of cytoskeletal actin structures. Thus, to better understand aris-
ing cellular patterns, not only molecular key players need to be identified, but also their
behavior in the history of network formation.
Aster-like patterns are extremely stable and remained virtually unchanged over days until
actin started to denature. In active environments such as cells, constant filament turnover
as well as myosin motors drive the system out of equilibrium by consuming ATP. This en-
ergy consumption might be necessary to prevent aster structure formation and trapping in
undesired states. Aster structures may lend a cell mechanical stability but also impede or
retard dynamic responses. Additionally, accessory proteins can induce anisotropies result-
ing in different formation histories and differing network architectures. In the presented
study, these anisotropies were mimicked by filament alignment induced by moderate flows
or high filament densities [Gentry et al., 2009; Huber et al., 2012]. Previous studies also
reported similar structural arrangement due to geometrical confinements [Deshpande and
Pfohl, 2012]. Reported patterns resemble ladder-like structures when actin bundles are
confined by thin, rectangular micro-chambers. All these different examples illustrate how
anisotropies can influence arising network architectures.
These in vitro experiments are rather simplified when compared to living cells. However,
they allowed to study the inherent physical principles underlying actin pattern formation.
To translate these findings to cellular levels more sophisticated approaches are needed.
Controlled experiments with switchable cross-linkers, for instance, might result in similar
pattern formation if bundling is initiated in an isotropic system.
The emergence of aster-like structures depend on an isotropic system where filament
attraction (e.g. cross-linking, counterion condensation, crowding effects) causes actin
bundling. In the case of bundling via molecular crowding further studies are necessary
to investigate the influence of the crowding agent itself. It remains unknown why the
type of crowding agent highly influences network architecture while different sizes of the
same crowding agent leave structure formation undisturbed. This fact suggests that used
crowding agents do not only cause excluded volume effects, but also interact with actin
itself [Hall and Minton, 2003; Zhou et al., 2008].
In conclusion, I presented three actin related mechanisms, which are independent of ATP
consumption. These studies oppose the current trend of investigating energy dissipating,
active soft matter. However, active soft matter is of fundamental importance to under-
stand cellular processes, but it has to be verified that underlying systems require energy
dissipating processes. Presented mechanisms, for instance, rely on inherent physical prin-
ciples and do not require extensive arrangements of dissipative structures. Molecular
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crowding effects can be the basis for emerging network architectures or even force gen-
eration. These properties were conventionally attributed to molecular motors or other
accessory proteins. Previous models are certainly sufficient to describe a variety of active
processes but potentially neglected the role of inherent effects occurring in the absence of
accessory proteins. These additional components can alter or enhance some fundamental
principles, which might have covered their importance in the past.
I am certainly not the first one emphasizing the important role of molecular crowding
and that arising effects have to be considered for cellular processes [Ellis, 2001; Hall and
Minton, 2003; Zhou et al., 2008]. However, it is the first time that crowding effects are
reported as a potential mechanism driving biological force generation or that they cause
network formation with a surprisingly rich repertoire. As shown, this inherent fundamen-
tal physical principle can have large influences on various scales of cellular complexity. By
employing additional components such as cross-linkers, this complexity is even increased
allowing the tune a structure’s properties. This statement is supported by experiments
involving the cross-linker α-actinin, which enables bundles to respond differently to ex-
ternal stresses in a time dependent manner.
Previous in vitro systems have proven to be very successful studying cytoskeletal compo-
nents and greatly contributed to our current understanding of cytoskeleton organization
[Huber et al., 2013, 2015]. Most of these models, however, ignore potential influences of
molecular crowding effects on the self-organizing cytoskeleton, although cells have a higher
macromolecular content than usually employed for in vitro systems. In that course I sug-
gest that these effects have to be systematically considered in future studies allowing
investigations of certain functions under inherent physical constrains.
Appendix A
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A.1 Actin
A.1.1 Buffers and actin related Solutions
A.1.2 Stock solutions
ATP 0.2 M pH 7.8 Stored at -20 in 15 µl, 100 µl & 1 ml aliquots
CaCl2 0.2 M
Dabco 0.22M & 2.2mM
DTT 0.2 M Stored at -20 in 20 µl & 500 µl aliquots
DTT 1 M Stored at -20 in 1.1 ml
EGTA 0.25 M pH 7.8
Hepes 0.5 M pH 7.8
KCl 3 M
KH2PO4 1 M pH 6.5 see below*
MgCl2 1 M
NaN3 10% (100 mg/ml)
Pipes 1 M pH 6.9
Tris 0.5 M pH 7.8
Table A.1: Unless otherwise noted, all recipes using liquids are from the listed stock solutions.
* Mix 500ml of monobasic (KH2PO4) and dibasic (KH2PO4) potassium phosphate. Decrease
pH to 6.5 by adding KH2PO4. Approximate result: 620ml KH2PO4, 500ml KH2PO4.
A.1.3 Buffers
FB Buffer G + 0.1 M KCl + 1 mM MgCl2
pH Entire Solution to 7.8
FBT FB but with Tris 25 mM
pH Entire Solution to 7.8
FBE Buffer G + 5% (by vol.) KME
pH Entire Solution to 7.8
A.1 Actin 99
FBH For 50 ml:
HEPES 0.05 M pH 7.5 5 ml (0.5 M SS)
KCl 0.1 M 1.667 ml
MgCl2 1 mM 50 µl
CaCl2 0.1 mM 25 µl
ATP 0.2 mM 50 µl
pH Entire Solution to 7.8
GB For 100 ml: For 1 l:
Tris HCl 5 mM pH 7.8 1 ml 10 ml
CaCl2 0.1 mM 50 µl 500 µl
ATP 0.2 mM pH 7.8 100 µl 1 ml
DTT 1 mM 0.5 ml 154 mg
NaN3 0.01% 100 µl 1 ml
pH Entire Solution to 7.8
KME For 50 ml:
KCl (2 M) 7.45 g
MgCl2 (20 mM) 1 ml
EGTA (4 mM) 0.76 g
Mg-ATP For 100 µl (from stock solutions):
Tris 5 mM pH 8.5 79 µl
ATP 30 mM 15 µl
MgCl2 60 mM 6 µl
Mix For 100 µl:
ATP 12 mM, MgCl2 24 mM 40 µl (Mg-ATP)
DABCO 0.88 mM 40 µl (DABCO (2.2 mM))
DTT 40 mM 20 µl
10x F-buffer For 10 ml:
KCl 1M 3.333 ml (3M)
10 mM MgCl2 100 µl
Tris-HCl 50 mM, pH 7.8 1 ml
CaCl2 1 mM 50 µl
ATP 2 mM, pH 7.8 100 µl
DTT 10 mM 0.5 ml
NaN3 0.01% 100 µl
Table A.2: Different buffer solutions with according concentrations, pH, and mixture examples.
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A.1.4 Acetone powder prep
1. Prepare in advance:
(a) 2 liters of Buffer A - 0.5 M KCl, 0.1 M KH2PO4
(b) 10 liters of distilled water
(c) 8 liters of acetone
(d) Chill Buffer A and water to 4◦C
(e) Chill acetone to -20◦C
2. Dissect leg and back muscle from freshly killed rabbit. Store in chilled PBS (RECIPE).
Cut off fat and fur using scalpels. Clean with chilled PBS. Rinse meat grinder with
a solution of 0.02 M EDTA (pH 7.0) immediately prior to use. Grind muscle 3 times
(1x coarse blade, 2x fine blade) in meat grinder.
3. Stir slowly for 10 min. with 900 mL Buffer A at 4◦C.
4. Spin at 4000 × g for 10 min. at 4◦C in six 250 ml centrifuge tubes. Pour off
supernatant.
5. Repeat steps 2 and 3 once. Record weight of all tubes (with pellets).
6. In centrifuge tubes (250 ml each):
(a) Add 150 ml chilled H2O to each tube. Resuspend pellet (e.g. with ceramic
spoon).
(b) Adjust pH of each tube to 8.2 - 8.5 (use pH meter) with 1 M Na2CO3.
(c) Put tubes in ice bucket for 10 min. - shake occasionally.
(d) Spin at 4000 × g for 10 min. at 4◦C.
(e) Pour off supernatant and record weight of all tubes (with pellets).
Repeat step 6 several times. Each time, compare the total weight (w/o supernatant)
to the previous measurement. It decreases on subsequent repetitions. At a certain
point it will begin to increase (usually by roughly 10%). Stop at this point.
7. Pool the pellets in a 5 l glass beaker and add 4 l acetone (-20◦C). Stir for 20-30 min
in fridge using the magnetic stirrer.
8. Filter through ∼4 layers gauze or cheesecloth. Squeeze out liquid firmly but not too
hard.
9. Repeat steps 7 and 8.
10. Dry acetone powder on paper towels overnight in fume hood. Place into 50 ml
tubes, weigh, and label. Store at -80◦C.
A.1 Actin 101
A.1.5 Actin Extraction from Acetone Powder
Buffers
Buffer X
• 2 mM Tris-HCl (pH 7.8)
• 0.5 mM ATP
• 0.1 mM CaCl2
• 0.01% NaN3
• 1 mM DTT
Buffer 1.9
• 2 mM Tris-HCl (pH 7.8)
• 1 mM MgCl2
• 1 mM DTT
G-Buffer
• 5 mM Tris-HCl (pH 7.8)
• 0.2 mM ATP (pH 7.8)
• 0.1 mM CaCl2
• 0.01% NaN3
• 1 mM DTT
102 A Protocols
Day 1
1. Extract ∼ 7 g acetone powder with 135 ml cold Buffer X on ice.
• Add buffer slowly while gently stirring with glass rod to thor-
oughly wet powder.
• Actin leaves acetone powder. Brute stirring will result in also
dissolving other proteins.
2. Incubate on ice for 30 min. Stir gently every 10 min.
3. Spin at 25,000 × g for 45 min. at 4◦C. Keep supernatant.
4. Filter supernatant through glass wool into graduated cylinder and
record volume.
5. Transfer to beaker. Add solid KCl to 3.3 M while stirring.
• KCl adds about 10% volume. This is 28 g for about 110 ml.
• Add KCl all at once - solution becomes opaque.
• This step is to dissociate α-actinin.
6. Stir at room temperature until solution reaches 15◦C. Incubate on
ice (w/o stirring) until temperature returns to 5◦C. The temperature
variation step is crucial for α-actinin dissociation and takes ∼40 min.
to go up and 20 min. to go down.
7. Spin at 25,000 × g for 30 min. at 4◦C. Tight white pellets at the
bottom of tubes, if present, are α-actinin.
8. Filter again as in step 4 into graduated cylinder.
9. Dialyze supernatant against 32 times its volume of Buffer 1.9 overnight.
Volume (3-4 liters) needs to be precise to obtain final KCl concentra-
tion of 0.1 M which is F-Buffer conditions.
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Day 2
1. To dialysis bag content add 0.22 times its volume of 4 M KCl and stir
for 1.5 h at 4◦C. This gives a final KCl concentration of 0.8 M and is
intended to solubilize tropomyosin.
2. Spin at 100,000 × g for 3.5 h at 4◦C. Discard supernatant.
3. Use total of 12.5 ml of Buffer X to thoroughly homogenize pellet and
transfer to graduated cylinder.
4. Add 37.5 µl 1 M MgCl2 and 187.5 µl 4 M KCl, adjust volume with
Buffer X to 19.3 ml, and leave at 4◦C overnight without stirring.
Day 3
1. Add 4.5 ml 4 M KCl and 1.185 ml Buffer X and stir for 1.5 h at 4◦C.
2. Spin at 100,000 × g for 3.5 h at 4◦C. Discard supernatant.
3. Wash pellets in tubes with Buffer X, remove from tubes with a small
amount of Buffer X, and homogenize.
• Pellet should be denser and thicker than the day before.
• Homogenize in as little Buffer X as possible and check the appar-
ent concentration against Buffer X. This should be ≥ 3.5 mg/ml
because after column purification at day 5/6, the apparent con-
centration will have dropped ∼ 1.5-fold. A final concentration of
∼ 2 mg/ml is desired.
4. Dialyze overnight against 0.5 l of G-buffer.
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Day 4
1. Sonicate dialysis bag three times for 10 seconds each in sonicator bath
filled with G-buffer.
2. Continue dialysis against 1 liter G-buffer for the next 48 h.
Day 5
1. Continue dialysis. Buffer change is not necessary.
2. Prepare the gel chromatography column for the next day.
Day 7
1. Check concentration against dialysis buffer. Keep dialysis buffer for
later concentration determination (step 3).
2. Clarify actin by spinning at 100,000 × g for 3.5 h at 4◦C and save
supernatant.
3. Check concentration against dialysis buffer again.
4. Further purify the actin in the gel chromatography column to remove
additional impurities such as capping proteins or actin oligomers.
5. Check concentration against G-buffer.
A.1.6 Rhodamine-G-actin preparation
Day 1
1. Dialyze actin (typically 1.5-2 ml G-actin at 2 mg/ml, ∼ 50 µM)
overnight at 4◦C against 2 l of an F-buffer, pH 7.8, that does not con-
tain primary amine NH2) nor thiol (SH) groups (buffer amine groups
would block carboxyl groups on CTMR; buffer thiol groups would
block amine groups on actin):
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• 20 mM PIPES (pH 6.9)
• 0.2 mM CaCl2
• 0.2 mM ATP
• 0.1 M KCl
Day 2
1. Transfer F-actin to 1 or 2 1.5 ml Beckman tubes suitable for the
centrifuge. Add to this F-actin solution 0.3 mM CTMR (rhodamine)
(Invitrogen, Ltd. Paisley, UK) from a 100 mM stock solution. Mix
well by pipetting and incubate at room temperature for 1 hour.
2. Stop the reaction by addition of 10 mM Tris, pH 7.8. (Because Tris
has NH2 groups, the excess added in this step scavenges CTMR which
has not yet covalently bound to actin.)
3. Spin the Rh-F-actin at 100,000 × g for 2 h at 12◦C to pellet Rh-F-
actin.
4. Discard the supernatant and resuspend the pellet(s) with G-buffer
such that you get a total volume of 2.5 ml. (Steps 4 and 5 remove
Tris-CTMR and polymerization-incompetent actin from the solvent.)
The pellet will be firm, so mix first by pipetting, being careful not
to get chunks stuck to the pipette tip. Transfer to 3 ml or other
small homogenizer and mix thoroughly. Leave in homogenizer and
depolymerize on ice for 1 hour, mixing every 20 minutes.
5. Gel filter the actin on a PD-10 Pharmacia column against G-buffer.
The viable Rh-G-actin comes off the column first. Use a flat-bottomed
5 ml tube to collect actin solution (elution volume will be 3.5 ml).
(This step removes non-covalently actin-bound rhodamine and un-
bound rhodamine in solution.)
6. Recycle Rh-actin by polymerizing the solution with the addition of
3 ml MgCl2 and 100 mM KCl.
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7. Incubate for 30 min. at room temperature.
8. Spin the Rh-F-actin again as in step 4, dividing the 3.5 ml sample
between 3 vials.
9. Resuspend the pellets of Rh-F-actin with the 3 ml or other small
homogenizer using a total of 1 ml G-buffer. G-buffer volume can be
varied to yield a desired final concentration.
10. Dialyze overnight in the dark at 4◦C against 1 liter G-buffer. Save the
dialysis buffer for later concentration determination.
Day 3
1. Spin Rh-G-actin at 100,000 × g for 3.5 h at 4◦C and save supernatant.
(This step removes oligomeric actin and with this also potential actin
binding proteins.)
2. Determine actin and rhodamine concentrations, using the spectropho-
tometer (cuvette length 1 cm), reading actin absorbance at 290 nm
and rhodamine absorbance at 550 nm.
• Rhodamine concentration: Absorbance coefficient at 550 nm is 
= 95 mM−1cm−1.
• Actin concentration: Subtract 25 % of the rhodamine absorbance,
then divide by 0.617 to obtain actin concentration in mg/ml and
convert to µM.
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A.2 Myosin II
A.2.1 Myosin II preparation from rabbit muscle
Buffer A
• 300 mM KCl
• 150 mM KH2PO4 (pH 6.5)
• 20 mM EDTA
• 5 mM MgCl2
• 1 mM ATP
Buffer B
• 1 M KCl
• 600 mM KH2PO4 (pH 6.5)
• 25 mM EDTA
Buffer C
• 600 mM KCl
• 25 mM KH2PO4 (pH 6.5)
• 10 mM EDTA
• 1 mM DTT
Buffer D
• 3 M KCl
• 10 mM KH2PO4 (pH 6.5)
Buffer E
• 600 mM KCl
• 50 mM KH2PO4 (pH 6.5)
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Day 1
1. Rinse meat grinder with a solution of 200 mM EDTA (pH 7.0) imme-
diately prior to use. Grind the dissected leg and back muscles (total
weight about 0.5 kg) thoroughly.
2. Muscle mince is extracted for 15 minutes with 1 liter of Buffer A with
constant agitation by a motor-driven overhead stirrer. Care should
be taken not to extend the extraction time beyond 15-20 minutes to
minimize actin extraction.
3. Extraction is stopped by diluting the mixture 4-fold with cold H2O
(add ∼3 liters for a total volume of 4 liters), and the muscle residue
is separated by filtration through three layers of gauze.
4. Precipitate extract by diluting with cold H2O. Add 1.5x the volume
from step 3 (addition of 6 liters H2O for a total buffer volume of 10
liters). This gives a final total ionic strength of around 0.04 (approx-
imately a 10 fold dilution of Buffer A.)
5. Let myosin settle at 4◦C for a minimum of 3 hours. The myosin
should settle into the bottom portion (< 12) and will be cloudy. The
supernatant should be relatively clear.
6. Siphon off the supernatant and discard. Be careful not to disturb the
settled myosin as it is easily drawn into the tube. It is best to leave a
layer of supernatant rather than lose too much myosin.
7. Spin the precipitated protein at 7,780 × g for 15 min at 4◦C using the
large rotor.
8. Resuspend precipitate in 110 ml of Buffer B (250 - 300 ml total volume
here).
9. Dialyze overnight against 3 liters of Buffer C at 4◦C.
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Day 2
1. Remove from dialysis and place in a graduated cylinder to determine
volume. Place in an appropriate beaker.
2. Slowly add an equal volume of cold H2O while constantly stirring the
solution. This precipitates the actomyosin. Care should be taken not
to add too much water, since myosin may additionally precipitate if
the ionic strength is lowered below 0.3.
3. Stir suspension for an additional 30 min at 4◦C.
4. Spin at 10,300 rpm using the large rotor for 10 min at 4◦C to pellet
actomyosin.
5. Discard pellet and spin supernatant again at 50,000 × g for 20 min at
4◦C in the small rotor. This will require 2 separate spins due to the
volume.
6. Discard pellet and measure volume of supernatant in a graduated
cylinder and dilute 8-fold with H2O (add H2O until total volume is 8x
the protein solution volume). This should give a final ionic strength
of 0.04.
7. Place myosin in fridge and let settle overnight at 4◦C.
Day 3
1. There will typically be about 2.5-3 l of fluffy myosin at the bottom of
the beaker(s). Remove supernatant by siphoning as on Day one, step
6.
2. Spin at 10,300 rpm for 10 min at 4◦C using large rotor. This might
require two separate spins due to the volume.
3. Discard the supernatant and resuspend pellet in a minimum volume
of Buffer D. There may still be a considerable volume of resuspended
myosin (∼ 12 liter).
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4. Separate the solution into 2-3 portions and dialyze each overnight
against 2 liters of Buffer E at 4◦C.
Day 4
1. Spin myosin at 100,000 × g for 1 hour at 4◦C to remove fat.
2. The pellet will contain insoluble protein and lipids. Keep the super-
natant. Separate the myosin from these by gently pouring out the
solution, taking care not to disturb the soft pellet. It is preferable to
lose some myosin at this step rather than contaminate it with lipids.
Alternatively, one can use a large pipette to remove the myosin. Put
the myosin in a graduated cylinder to determine volume.
3. Add an equal amount of glycerol to myosin (50% glycerol solution).
Make sure the myosin/glycerol is homogeneously mixed by shaking/
repeatedly inverting the cylinder until the solution is clear (the glyc-
erol is much more viscous and so will appear cloudy or translucent).
The glycerol will prevent the myosin buffer from forming damaging ice
crystals at low temperatures. Store myosin in 50 ml tubes at -20◦C.
Myosin stored in this fashion is good for up to 1 year.
4. Alternatively, myosin can be stored on ice in Buffer D containing a
few crystals of thymol without a loss of activity for 3-4 weeks as a
5-6% solution.
A.2.2 NEM-Myosin II preparation
1. Precipitate myosin II from stock solution containing glycerol by ad-
dition of a 10x volume of H2O. Let settle overnight at 4
◦C. Solution
should become cloudy.
2. Spin at 20,600 rpm for 30 min. at 4◦C.
3. Remove supernatant and resuspend the pellet in HiS Buffer (500 mM
KCl, 4 mM MgCl2, 20 mM K Phosphate, 1 mM EGTA, pH 7.2).
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4. Add 100 mM NEM (5 ml H2O, 0.0625 g NEM) to a final concentration
of 4 mM to inactivate motor activity.
5. Incubate at room temperature for 30 min.
6. Simultaneously stop the inactivation reaction and precipitate myosin
by the addition of 10 mM DTT in a volume of H2O that is 5x the
myosin volume. Let settle for up to 3 h.
7. Spin at 20,600 rpm for 30 min. at 4◦C.
8. Resuspend pellet in HiS Buffer to give a final myosin concentration of
0.16 µM.
A.2.3 Bead functionalization with NEM-Myosin II
2 µm fluorescent NEM-Myosin II Beads
1. Mix the following:
(a) 80 µl HiS Buffer (see NEM-Myosin II preparation)
(b) 10 µl 2 µm calibration grade fluorescent microspheres
(c) 10 µl NEM-myosin 0.16 µM)
2. Incubate overnight at 4◦C.
3. Wash beads 2x by spinning down in a tabletop centrifuge for ∼5-10 s
at 13,000 rpm, sonicating for ∼1-2 s, and resuspending in HiS-buffer.
6 µm non-fluorescent NEM-Myosin II Beads
1. Centrifuge 50 µl unwashed beads for 2.5 minutes at 13,000 rpm.
2. Resuspend in 45 µl HiS-Buffer (see NEM-Myosin II preparation) and
5 µl NEM-myosin 0.16 µM).
3. Incubate overnight at at 4◦C.
4. Wash beads 2x by spinning down in a tabletop centrifuge for ∼5-10 s
at 13,000 rpm, sonicating for ∼1-2 s, and resuspending in HiS buffer.
112 A Protocols
A.3 Sample preparation
A.3.1 F-actin polymerization protocols
F-Rhodamine-Phalloidin-actin
1. Calculate the amount of G-actin needed for a final concentration of
5 µM in 100 ml of solution.
2. Calculate the amount of H2O needed for a final volume of 100 ml of
solution.
3. Add 10 ml of 10x F-buffer (100 mM Tris-HCl (pH 7.8), 1.5 M KCl, 5
mM ATP, 5 mM MgCl2, 2 mM CaCl2) to H2O.
4. Add G-actin.
5. Add 1.0 µl Rhodamine Phalloidin and mix thoroughly by pipetting.
6. Allow polymerization for 1 hour in the dark at room temperature.
F-Rhodamine-actin
1. Mix unlabeled and labeled actin to yield the desired concentration.
2. MgCl2 content in the buffer (H2O, 10 mM Tris, 1 mM DTT, 9 mM
DABCO, 1 mM ATP, MgCl2, 0.1 mM CaCl2) should be carefully
chosen depending if an instantaneous polymerization start is desired
or not.
3. Allow the solution to equilibrate for 5-10 min in the dark at room
temperature.
4. Place the sample solution in the desired setup.
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A.3.2 Probing bundle contractility by optical tweezers
Chemical (-mixture) Amount in µl
H2O 78.3
10x F-Buffer 10.0
G-actin (c=1,96 mg/ml) 10.7
RhPh 1.0∑
=100.0
Table A.3: Mixture to polymerize G-actin to F-actin (5µM) and preparing a stock solution for
further experiments.
After a waiting period of one hour the polymerization process can be as-
sumed to be in a steady state.
Chemical (-mixture) Amount in µl
Rh-Ph-F-actin (5µM) 55.0
Biotinylated actin (5µM) 3.0∑
=53.0
Table A.4: Decorating filaments with biotinylated actin monomers. By adding biotinylated
monomers after the polymerization process, these monomers decorate filament ends.
Chemical (-mixture) Amount in µl
MC 2% 80.0
10xFBH 9.0
Anti-bleach 5.5
BTA 5.5∑
=100.0
Anti-bleach BTA
20µl 10xFBH 4µl streptavidin beads
180µl H2O 2µl 10xFBH
Glucose 16µl Rh-Ph-Biotin-F-actin
Glucose oxidase∑
=200.0µl
∑
=22.0µl
Table A.5: Assembly of depletion force induced bundles with concentrations for the anti-
bleaching agent and the pre-mixture BTA.
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A.3.3 Responses of deformed F-actin bundles
Polymerization of 5µM actin.
Chemical (-mixture) Amount in µl
H2O 78.3
10x F-Buffer 10.0
G-actin (c=1,96 mg/ml) 10.7
RhPh 1.0∑
=100
Assembly of α-actinin cross-linked F-actin bundles
1. Dilution of FRhPh from 5µM to 1µM
Chemical (-mixture) Amount in µl
FBH-buffer 40.0
FRhPh (5µM) 10.0∑
=50.0
2. Assembly of α-actinin cross-linked bundles via DFI effect
2.1 Preparation for assembly of DFI- bundles and adding cross-linker.
Chemical (-mixture) Amount in µl
AB 30.0
MC (2%) 15.0
FRhPh (1µM) 5.0∑
=50
Wait 30 minutes, add 0.5µl α-actinin (10µM). Wait 30 minutes, start sample preparation.
2.2 Final sample and dilution of prepared bundles to cancel out the DFI effect.
Chemical (-mixture) Amount in µl
AB 29.0
Bead (6µm) 3.0
Bead (2µm) 3.0
α-actinin (10µM) 0.1
Bundles 15.0∑
=50.1
Table A.6: Mixtures to assemble α-actinin cross-linked F-actin bundles via depletion forces.
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Assembly of DFI formed F-actin bundles
1. Dilution of FRhPh from 5µM to 0.5µM
Chemical (-mixture) Amount in µl
AB 90.0
FRhPh (5µM) 10.0∑
=100.0
2. Assembly of DFI formed bundles
2.1 Mixture of AB and MC for a better handling of the solution
Chemical (-mixture) Amount in µl
AB 50.0
MC (2%) 80.0∑
=130
2.2 Preparation of the final DFI sample
Chemical (-mixture) Amount in µl
AB/MC 31.2
Bead (6µm) 8.0
Bead (2µm) 8.0
FRhPh (0.5µM) 4.8∑
=48.0
Wait 30 minutes.
Table A.7: Mixtures for the assembly of depletion forces induces F-actin bundles without any
cross-linkers.
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